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1. Introduction

This report summarizes the results to date of a review of biclogical
mechanisms for application to instrument design, performed for the National
Aeronautics and Space Administration, Office of Life Science Programs, under

Contract NASR-16. The report is published in two documents:

ARA-1025 Summary Report on a Review of Biclogical Mechanisms

for Application to Instrument Design, and

ARA-1026 Bibliography on Biosensors, a Sampling of the V.orld
Literature 1900-1961 (Second Edition).

The compilation of ARA-1026 accounts for a considerable portion of the
effort expended during this program. It is an extensive bibliography compiled
through a survey of the literature covering the field of biosensors. After a sub-
stantial amount of references had been accumulated for the bibliography, an
interdisciplinary analysis of the collected data was commenced for the purpose of
revealing information of interest to instrumentation designers. Progress in this
preliminary analysis is reported in the present document, ARA-1025.

It must be emphasized that the data analysis reported here has been a pilot
program, in which several approaches have been tried and evaluated. This pilot
program has provided the project team the opportunity to resolve many of the
difficulties that naturally arise in a study of this sort. These difficulties primarily
concern the techniques for assimilation, review, and interpretation of biologically-
slanted data and their translation into terms and groupings useful to the engineer.
In the relatively short time available for the analysis, a successful methodology
has becn cvolved which can be employed in a continuin program to provide a
comprechensive guide for the adaptation of biological systems to instrument
desicn. The pilot program reported here provides examples of techniques which,
it is believed, provide a usef il basis {or continuation of this work on a broader

scale.
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1.1 General Background

It is very natural - indeed inevitable - that one ask what value can derive
to the benefit of instrument design from a generalized study of biosensors. It
must be said frankly that there are some very capable designers that will never
be able to benefit from such a study. But of this latter statement, the same may
be said in connection with the transistor, the laser, and perhaps the ''neuristor"
described in a later section. Nevertheless, our technolcgy requires a constant
influx of new concepts and knowledge. The pressures being brought to bear on
our space exploration prograins are accelerating the need for advances in many
areas of instrumentation. There is little assurance that all these needs will be
adequately met by the conventional processes of refining or inventing strictly
""physical" measuring devices and systems. What is hoped for is a new approach
to instrument development that has the potential of yielding superior classes of
instruments to anticipate and meet some of these new needs.

Among those concerned with the development of new instrumentation, one
may find two fundamentally distinct dispositions. Many workers are disposed
toward doing the best possible job within the framework of the currently recog-
nized technology. The virtues of this approach are not to be dismissed. But it is
those who are disposed toward the exploitation of radically new concepts that will
profit from the approach represented by this study.

One need not become involved with theology to appreciate that nature repre-
sents a truly remarkable technology - a technology that has evolved quite indepen-
dently of our own, or of our system of thought, Except for the fact that we have
become conditioned to its presence and have gained some very fragmentary
information about it, one might compare it to a technology developed by a newly-
discovered extraterrestrial society. Now certainly, if sush a society were to
come to our attention, we would spare no effort to acquire the most detailed
knowledge possible about what they do and how they go about it. It would be very
difficult, of course, because their methods would have been conceived in non=-
human "minds'" and with non-human "motives'! Their techniques, in many cases,
would simply not make sense to the human engineer. Because of these difficulties,

the undertaking would be a costly one; but we would do it nevertheless. Why not,
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then, undertake the relatively sinipler task of exploiting that technology repre-
sented by biological organisms, specifically by biosensors? They are here, are
generally not hostile, and we do have a small beginning toward their understanding.
The basic objective of this program is to provide the field of instrumentation
with a new area of insight and techniques that may be exploited to advance the
state of the instrumentation art. The program consists of a study in biosensurs -
not a philosophical comparison of the world of nature and the field of instrument
engineering. However, a few such comparisons are helpful in setting the back-
ground for the biosensor study and in understanding some of its potential utility.
Perhaps the best way to commence this line of investigation is to examine
some of the fundamental differences between the ways that things are done in
nature and in instrument technology. It is necessary, first of all, to make a
distinction between the methods employed in nature, which will be termed the

biotechnology, and the study by man of those methods, which is conventionally

called bivlogy. With this distinction in mind, it is then possible to compare the
biotechnology with our own technology. These may be compared conveniently

on the basis of five characteristics: design, materials, fabrication techniques,
control mechanisms, and evolution .f the technologies. These will be taken up

in vrder.

Design

In the human technology, design often reflects the mental processes of the
designer. An engineer usually likes to build his devices, no matter how compli-
cated, out of simnple well-understood building blocks. In this way, his mind can
cope with the design, fabrication, and inaintenance of very complex systems.
The biotechnology, on the other hand, apparently employs completely different
"design' inethods. While we do perceive the use of building blocks of a sort in
nature, the techniques and motives in bioligical design remain largely a mystery.
In contrast to the drawing board approach associated with hurnan design, it is said
that organisms evolve by a trial-and-error process involving random mutations

and natural selection.
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Materials

The differences in the materials of the two technologies are more readily
described and understood than the differences in design technique. The human
engineer builds his devices from uniform, macroscopic pieces of material. If a
product of our technology were to be examined under a nmiicroscope capable of
showing individual molecules, no pattern other than the natural crystal structure
would be seen in the arrangement of individual molecules, or small groups of
molecules, It is not until very large numbers of molecules are observed at one
time that a humanly designed pattern will be discerned. It is to be noted that
patter, form, or detail structure - contrasted with uniformity or a random
mixture - is an essential characteristic of any product of our technology and pro-
bably also of the biotechnology. (The existence of a detailed pattern in the
particles of certain meteorites has, for example, been taken as an indication that
they are possibly fossils of extraterrestrial life forms.) In the products of the
biotechnology, pattern or structure will often be observed witkin the assemblages
of individual molecules, small groups of molecules, or cells. In fact it seemns
that as larger and larger groups of molecules are observed in organisms, the less
complex the patterns and structure become - which is in direct contrast to what
happens in our own technology. For example, in many animals there are pumps,
valves, pipes, etc., that are rather similar in broad outline to the relatively
simple hydraulic components of our own technology. The fine detail or pattern
of the structural tissue of these components is however, very complex, whereas
the fine structure of the metals, plastics, etc., vut of which pumps and valves
are made in our technology is very simple. It is also to be noted that the products
of our own technology are, in general, much more closely controlled than those
of living things. Thus the difference between two RBoeing 707's of the same type
will be very small. However, there will be substantial differences between, for
example, two elephants - even if they have the same parents.

It is probably an essential corollary of differences already noted that the
basic materials of the two technologies are different. The materials of the bio-
technology are made up of very complex molecules. They are stable only ceer a

very narrow range of physical conditions. They exist, very often, only as a
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result of the myriad processes of life and thus life support is often essential for
the maintenance of these materials in their operating conditions. A particular
limitation of the materials of biotechnology is the absence of good electronic
conductors and insulators. In our own technology, materials are, on the whole,
made up of very simple molecules. They are stable overa wide range of physical
conditions and generally require nothing at all comparable with the life support
involved in biological materials. Electronic conductors and insulators make

possible the transmission of power and information by electronic conduction.

Fabrication Techniques

The differences already discussed between the two technologies are ob-
viously very great. However, one extraordinary difference is in the methods
and motive power of fabrication. Bio-materials are able to grow themselves by
spontaneous selective grouping of molecules. This growth appears to be under
the control of very complex '"blueprint” molecules. The materials are fabricated
and deposited in an organized way to make up the complex macro-systems of the
organism. For example, in the growth of the human eye many complex materials
have to be manufactured and then built up to construct the total "eye system'. In
complete contrast, the basic materials of the devices of our technology have to
be collected, purified, machined, assembled into systems, tested - and all these
processes have to be directly or indirectly under the control of a human. Considen
for example the material resources and many human skills required to make a TV
camera - admittedly only a very poor analog of the human eye. In the biotechno-
logy the eye grows spontaneously. There seems to be absolutely nothing in our
technology, not even of the most primitive nature, that is in any way analogous
to the fabrication technique of growth which occurs in the biotechnology. The
technique of crystal growing, which does involve direct fabrication of a macro
structure from individual molecules, cannot be considered equivalent to biological
growth, as the pattern or structure of the resulting crystal is not under our

control.
In addition to the differences in material and motive power of fabrication,

there is the interesting item of scale. This can be stated simply. Nature always
builds up from the cellular level regardless of the physical size of the product.
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Man, on the other hand, is generally required to build down, that is to begin with
gross units of material which are then cut, machined, or otherwise processed to
remove excess material. As the product becomes smaller, it becomes more
difficult to handle and the process becomes more difficult to control.

This characteristic of the human technulogy has probably evolved because of
the physical size of man, since his size limits the spatial resolution of his motions|
His methods of fabrication have generally involved manipulation of the materials,
in at least one stage of manufacture, either manually or by machines constructed
to his own or a larger scale.

In recent years these limitations have been eased somewhat. Man has
learned to manipulate material using sinaller-scale methods such as the micro-
manipulators employed in biological research. He has also learned to manipulate
on the atomic and subatomic level by mecans of electrical and magnetic fields.

It appears that, until the secret of controlled growth is resolved, the best
opportunity for construction on the microscopic level lies in these latter tech-
niques - material manipulation by electric and magnetic ficlds. This idea is

discussed further in Section 1. 3. 4.

Control Mechanisms

As in our own technclogy, control mechanisms play a vital role in bio-
systerus.

A control mechanism can be considered, in general terms, as consisting of
a source of information (i.e. an input from the environment), information trans-
mission circuits, an information processing function and an information output
device (i.e. a means with which to effect the environment). Of these four items,
it is the mechanism of information processing in which there is the greatest
contrast between our own and the biotechnology. Thus, for example, the eye is
somewhat similar to a TV camera, the optic nerve analogous to a multi-wire
telephone cable. Skeletal joints and muscles are not too different from electro-
mechanical systems in our own technology. However, the data processing function
(e.g. pattern recognition) that is performed by the brain (and retina) is of a
nature and degree completely different from the data processing performed by

machines of our technology.
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There is relatively little knowledge of how the briin works but it seems that

unlike digital computers, it is capable of prccessingy simultancously large amounts

of data. igital computers operate only in a sequential manner.

It seems evident thut brain action must involve & tremendous amount of
parallel data processing, since it is able to perform prodigzious feats in a very
short time even though the response time of its neural elements is relatively
very lon~. Althcuch work is being done on brain and the operction of very large

scale complex logic networks.

Evolution of Technology

Since we do not yeat fully understand the biotechnology we perhaps cannot
say for cert in why it has devcloped the way it has. It will undoubtedly be of the
very greatest interest to compare it with any similar occurrence on other planets.
Our own technology is the way it is - not necessarily because it is the best or only
technology - but because the limitations of our ment:l and physical processes,
knowledge of the physical world, and our engineeriny techniques h.ve more or less
constrained its development into its present form. One could say, perhaps, that
it has evolved by a natural selection of our physical theories and engineering
techniques -- thc selectioninvolving the limiting parameters of our human exist-
ance.. In particular we may consider two of the most important of our inherent
limitations -- our physical sizc and our methods of thinking.

We are macro-beings and, like our caveman ancestors, have fashioned
most of our tools and devices more or less by hand, employin.r matcrials that are
found lyin; about on the carth. The limitations imposed by our physicul size, and
by the ranjye of materials generally available for fabrication, is strikinasly
evident when we consider how a workiny analos of the eye could be constructed in
our technoloyy. Possible the nearest device to it that we have now is the image
orthicon TV camera tube - althouzh, of course, it is much lar e~ - cspecially
with its ancillary equipment - requires far more power than the eyc and lacks

many of the rcfinements of human vision.

1-7




ALLIED RESEARCH ASSOCIATES, INC. _7//';74
%ed  BOSTON, MASSACHUSETTS
/[ 4

Secondly, our methods of thinking are very restricted. In order to function
well, the brain must be able to siiplify and to clarify; if necessary, by construct-
ing simplified models of rcality. Faced with large scale complex problems the
brain quickly becomes 'baffledr and cannot function. Many of the great scientific
achievements in our history have come when inen huve gathered the complex
threads of expericnce into a simple comprehensible pattern. A prime example,
of course, is the work of Newton in mechanics. In engineering, it is a common,
and very sound practice to work with theories, models, desiyn techniques, etc.,
that may be known to be incorrect or limited in some way in thesc coses where a
completely rigorous approach proves difficult. In this way eacincers can produce
something of value while waiting for the pure scientists and mathematicians to
get nearer to a perfect analysis. As an eaxample we may quote the case of filter
and network desiqn in communication enginecriny. For thz last forty years or so,
{ilters have becn a vitally important part of large communications systems. They
have been designed, however, for most of this period according to the well known
image thcory which is based on assumpticns known to be untrue «nd which yields
circuits that are known to be inefficient and uneconsmic. Nevertheless, experi-
ence has shown that the method yields acceptable rcsults and is very casy to
understand an.: to apply. The gencral problem of getting the best posgible per-
formancc from a given number of components has yet to be solved. By accepting
a restrictive type of network (i.e., the ladder) modcrn work on network theory
has shown how an optimum circuit cun be designed.

The limitations of our thousht processes have not unduly restricted the
development of our technology up to now. Thus in the case of filter design, the
differcnce between an image designed filter and onc designed according to

modern network theory is not very asreat. The reason is that rencrally a filter
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is not a very complicated structure - when analyzed mathematically it usually
involves only low order determinants. However when we do come to deal with
inherently very complex devices - such as pattern sensors - a 'simplet approach
may not be adequate, yet the fully rigorous treatment is often beyond us.
Biotechnology presents us with a change to beak this deadlock as it contains, in
proliferation, very cffective complex systems. It is not at all suqgrested that
study of complex bio-systems is joing to be easy; quite clearly it will not, for
our mental processes are not tuned to the type of work that has to be dome. How-
ever it does provide us with a chan-c of learniny at {irst hand the basic principles
that must be involved - just as a study 50 ycars ago of birds could have brought
us sooner to an understandiny of the principles of aerodynamics.

The fact that most of our devices up to now have neccssarily been macro-
structures has also not been a severec limitation. However futurc development
should certainly be towards micro-techniques: to quote but one example - the day
is approachin; when the speed of computers will be limited by the time it tokes to
transmit information over the physical dimensions of the wnole computer. We
can learn from the bio-world many new principles thut must be understood if we

are to develop a micro, or molecular, version of our own technology.

1.2 Scope of the Study

The present program comprises a review of biolozical mechanisms, notably
bioseusors, for application to instrumant design. Commencing with an extensive
survey of world literature, the study nas broadcned into an evaluation of specific
sensors and classes of sensors for the purpose of deriviny ider s that might be
transposed into the field of instrument desion.

The remainder of this introdactory section is devoted to ciscussion of how
the results of a study of biological mechanisms may be employed to improve our

own instrument technology.
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1.3 Exploitation of Biological Mechanisms

The exploitation of biological mechanisms may be considered in the light of

four general approaches:

l.

the direct imitation of biomechanisms in the materials of our
technology. For example, one may seek to imitate bio-inertial
sensors to assist in the further development of accelerometers,
gyros, stable platforms, etc.

by utilizing the living biological device directly, either as part of
the complete organism, or maintained separately by artificial
means and incorporated into an instrument system. This would
include the use of the brain of an animal, or of inan, as a pattern
detector.

by studying the basic principles of operation of biosensors to see
whether the idea can be carried over into our technology. In this
case the natural performance parameters of the sensors are
relatively unimportant since they are a function of the technology
in which they will operate; it is the idea that is to be taken. A
sensor that is relatively insensitive in its naturai environment
may be enhanced by our technology to yield a very sensitive
instrument.

by developing the capability for fabrication and synthesis at the
molecular level, i.e., by developing a molecular technology

that is basically similar to, but very much simpler than, bio-
technology.

These four approaches are developed further in the following sections.

1.3.1 Direct Imitation of Riological Mechanisms

It would, of course, be premature to make any kind of a final judgment on

the probability that any sensor mechanisms can be profitably imitated in the

present instrument technology. Opinions on this point have diverged somewhat

among the project personnel; all, however agree that the preliminary nature of
the evidence gathered during the current study precludes a final judgment either

way.
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The probability that a particular instrument will be substantially improved
by making a physical copy of its biological counterpart is quite small, The
biosensor and the physical instrument are the products of two widely different
technologies, as already described. The chances are that both reflect nearly
the best available design in their respective technologies; but the excellence of
each is only relative to its respective technology and has no ex officio status in
the other. There is therefore no assurance that a particular biosensor '"design"
can be successfully carried over into the instrument technology, with its
different materials and methods of fabrication.

It appears that this approach is less apt to be profitable than that of
utilizing the basic principles of operation, discussed in a later section. This
point is illustrated allegorically by Harvey E. Savely (Ref. 1):

"In discussing living systems as prototypes for engineering

application ... I would be less than fair if I did not warn you of a
conservative attitude that you may encounter among some biologists..."

Y. .... Imitation of nature's solutions may not be economical or
practical. We have moved ahead in our technology by getting our
hands uon underlying principles and applying them in ways that may
not exist in nature."

"Compare bird flight to airplanes, for example. Iniitation here did
not get us very far. A basic research program 60 years ago in the
structure of feathers would have lcd us up a blind alley. It was the
understanding of the physics of air flow that spurred on our develop-
ment. In the same way we must look for the fundamental principles
at work in the nervous system, and not be tempted to iinitate what
may turn out to be the 'feathers'." (Ref. 1)

1. 3.2 Utilization of Living Biosensors

The development of this technique probably lies rather far in the future.
The possibilities are naturally quite exciting to many biologists, and for many
reasons commend themselves to the attention of engineers contemplating future
developmente in imstrumenmtation, especially in those cases wherein a particular
biosensor performs better than any comparable instrument, or where the instru-
ment does nut exist. There are, however, several practical problems that must
be counsidered.
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From the point of view of the instrument engineer, the biosensor (including
perhaps the entire organism) must in many instances be treated as a '"black box",
the mechanics of which are neither thoroughly understood nor precisely
controllable. This is not good engineering practice, although it is frequently
tolerated in the absence of an alternative. A second problem is that of bridging
the two technologies in order to devise a coupling mechanism between the bio-
sensor and the instrument. Finally, the problem of keeping the tissue of organism
sufficiently "alive' to perform its functivn, though not impossible, may cause
considerable inconvenience. This latter problem, however, is constantly being
pursued by the bioscientists for well-established motives other than those
considered here.

There is an organism - the human being - that is frequently used as a
“black box" in an otherwise inanimate system. For example, the human operator
in an antitank guided missile system (such as the S5-10) functions in this way.

In this system the operator has to perceive the spatial relationship between
missile and target and then transmit appropriate control signals to the missile.
In almost all other guided missile systems this task is performed by inanimate
equipment. However, in the case of the antitank systemn no means has been found
of reliably identifying a tank on the battlefield. The human is able to do it by
means of his pattern recognition capabilities, and it is for this reason that he is
included in the system. This pattern recognition faculty is a brain function, and
thus, from a progmatic point of view, the brain itself may be considered as a
detector - a detector of pattern.

An important aspect of the use of a human pattern detector is the means
employed to couple him to the rest of the system. It is not presently practicable
to make a direct physical connection into the neural circuits of the body, so that
resort has to be made to neuro-muscular/mechanical coupling, such as a hand-
held control stick. The oculometer system desctibed in Section 4 does allow, in
effect, a connection to be made to the neural system of the anti-tank-missile-
operator, just at that point in his perceptive system where the position of the

"pattern' (i.e. the tank) is made known to his consciousness.
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Life support systems for manned spacecraft offer another wide field of
possibilities for direct application of living sensors. By monitoring the reactions
of living biosensors or complete vrganisms, one rnay be able to determine carbon
dioxide or ozone content in a atmosphere, toxic accumulations in atmosphere or
in closed-cycle water systems, radiation levels, as well as many other crucial

parameters of the new environment.

1.3.3 Utilization of Rasic Operational Principles of Biomechanisms

This approach may provide the earliest benefits from exploitation of the
biotechnology. The general technical difficulties associated with the utilization of
living biosensors do not apply here.

It can be argued that our present instrument technology is so effective,
because of the pressures that have kept it creative, that it is not apt to benefit
from any new ideas that may accrue from a study of the biotechnology. Many of
our instruments have been in existence for some time now and have evolved to a
high degree of performance and reliability,

One of the first objections that can be raised against this point of view is the
very obvious one that no field, least of all instrumentation, is static. It is
always being presented with requirements of increasing severity and there is no
assurance that present approaches will meet these needs adequately. For the
first time, the dramatically different environment of space will soon be ours to
explore, and will thus open up an entirely new spectrum of instrumentation re-
quirements. In addition to the much broader varieties and ranges of variables
to be measured, there is the increased difficulty of placing and maintaining the
instrument in an operating position. Certainly there has never been a time when
radically new ideas were needed as much as they will in the very near future.

Even in the familiar earth environment, there are vast areas for exploration
that are certain to require inajor advances. Just two examples are apparent in
polar and undersea expeditions.

Finally, the frontiers of data handling and processing provide a host of new
requirements that, it is already widely acknowledged, will require more than
conventional approaches to meet. Ve simply do not understand the basic operating

principles of many of the machines that we already want to build - for example,
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machines to read handwriting - and if we did understand thern we could probably
not build them. The study of pattern detectors in the biological world is obviously
a very effective way of learning about the fundamentals involved.

Consider some of the dramatic implications of the ability to exploit bistable
(on-off) phenomena at the cellular or molecular level. If individual cells or
molecules could be made to exhibit this behavior, an. if a way could be found to
monitor their individual states, then logical elements built on this basis could be
used to construct high-density complex networks. These could be used both in
computer and instrumentation technology, and in the study of highly-developed

logical processes.

1.32.4 The Development of a New Technology

The two main stumbling blocks to direct explouitation of the biotechnology are
the differences in materials and in fabrication techniques. If these differences
could be narrowed, the way would be open for more fruitful exploitation. In a
sense the natural progress of bioscience - in which progressively better under-
standing of all life processes is being obtained - is helping to narrow the gap.

Biotechnology is, in essence, a molecular technology, since many of the
processes and systems involve either small groups of molecules or else have a
significant pattern or, structure at the mnolecular level. Therefore another
approach to exploring biotechnology would be to develup vur own forin of molecular
technology.

The first stage in such a development must be to develop techniques of
fabrication. Because we are macrou-beings, almost everything we can make is a
macro-structure. New techniques will be needed to enable us to build organized
micro-structures. In the biotechnology, such fabrication ie done by esrowth. We
simply do not understand how this happens, and until a breakthrough comes we
must use other methods of assembling groups of molecules in previously designed
patterns and structures. Some of the techniques now being used in the semicon-
ductor industry are tending towards molecular fabrication.

A method that might be develuped to meet very closely the ideal of handling
small groups of molecules or individual molecules is the mass spectrograph. In
this, a beam of one particular type of ion can be s#lected and then magnetically or

electrostatically directed to specific points on a target. Patterns or structure
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could then be built up by suitable modulation of the ion selecting and ion deflecting
circuits.

The development of a simple molecular technology should lead to a more
fruitful cross fertilization between the physical and biosciences. In the same way
that we can expect a carryover of techniques and principles from biotechnology
into the simpler but analogous molecular technology, knowledge and techniques
built up in this molecular technology should lead to a better understanding of
biotechnology. By attempting to work in a very simple analog of the biotechnology,
we can derive the great benefits of having exact knowledge and control over our
experiments. The results will be relatively easy to interpret and our minds can
fashion theories to suggest further progress. This orderly progression from
simple controlled experiments, which are capable of being easily analyzed by
our mathematics, to work that is superficially complex is characteristic of the
way physical science has progressed.

From a directly practical point of view, the establishment of an effective
molecular technology, capable of exploiting bio devices and also of functioning
independently, would be of great value., The products of this new technology
would be smaller and lighter, by several orders of magnitude, than analogs in
our existing technology. The techniques of fabrication are alimost bound to involve
very much less human participation, and be capable of close cuntrol, thus the
products will probably be cheaper and have very high and predictable reliability.
The sensitivity of a number of biosensors is substantially beyond that of compar-
able devices in our own technology. It is to be expected that the devices made in
a molecular technology will be able to approach, match, or even exceed the

sensitivity of similar bio devices.

1.4 Conclusion

The world of living things poses a real challenge to our engineering skills.
In many ways our devices are inefficient and clumsy compared to their biological
counterparts. There seems to be no reason why we should not study and exploit
the products of the biotechnology just as we would exploit the technology of any

extraterrestrial beings that might be discovered.
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However, the difficulties involved must not be overlooked. An immediate
flood of simple and obvious applications from the bio to our own technology is not
to be expected - for reasons discussed earlier in this section. One must keep in
mind nontheless that - understand it or not, exploit it or not - the biotechnology
exists. Its accomplishments are impressive and a challenge to our openminded-

ness and adaptability.
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2. Method of Approach

The nature of this study has been exploratory in two semses. First of all,
the idea of applying biomechanisms to instrument design, although not a new ome,
is not a well established practice. The study must also be exploratory in its
methodolory, involving as it does the establishment of a line of communication
among several disciplines with widely varying points of view and motivation. It
was decided therefore to approach the analysis of the data in a somewhat experi-
mental fashion. The benzfits of the experimental approach are twofold. It per-
mits the individual differences among the investigators to be matched to the
characteristics of the material being analyzed and thus relieves somewhat the
problem of coupling the investigator to an unfamiliar field. This serves the
interest of efficiency. The second benefit is the opportunity to examine the rela-
tive efficacy of differeat approaches tothe problem. Such am elvuation would be
useful in continuing studies of this nature.

The emphasis was not particularly on deriving new data, but rather on the
careful organization of existing data into a form useful for its application at a
later time. This does not mean that the generation of new ideas was to be dis-
couraged, but rather that the primary objective of this pilot phase of the study
program was to be assimilation and meaningful organization of background materiaH

Two basically different methods were employed. For the sake of conveniencq
we might term these the ''cataloging' approach and 'imspirational" approzch.

The first, which gives the broadest coverage to all of the available material, con-
sists of a methodical scanniag of the literature to extract amy quantitative data

that may appear meaningful to the engincer. This method, when carried to com-
pletion, would require that every tiosensor be examined and reported upon even
though its potential applicability to instrumentation might not seem immediately to
warrant complete transposition of its characteristics into engineering terms.

In following the second, or inspirational, approach one would simply expose
himself in a2 more or less methodical fashion to the available literature. He would

follow his own particular interests until, through association of ideas, etc., he
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might perceive some particular application or class of applications of a biosensor
to instrumentation. He would then develop this idea in whatever way might seem
appropriate. Thus the individual employingz the latter method would make use of
the material from the literature search only insofar as its served his purposes in
triggering and developing a particular idea, and supporting it with quantitative
data. In any given instance this approach would lead either to a dead end or to a
useful idea. The penalty, of course, is that substantial portions of the available
literature might go unused duriny early phases of the study. But after all, the
real point of a study such as this is the hope that some unconventional and perhaps
exotic ideas for instrumentation may result-- it is not intended to be simply an
exercise in sorting and cataloging per se.

The differences between these two approaches may be illustrated by a
simple analogy. Suppose that one is approaching the coastline of an unknown
continent. The question would naturally arise as to the best way of exploring this
wilderness. Having established an initial beachhead, one would be presented with
two alternatives. The expedition could fan out, making an orderly examination of
every sguare mile within an expanding zone. Or, alternatively, the expedition
could move along at a faster pace until it came across feature of interest, such
as a river. It might then abandon exploration of the coastline and concentrate on
following the river to some logical stopping place, perhaps a lake. The party
could then select some other particular goal of interest, such as a mountain on
the horizon, and proceed toward that. The latter approach, although leaving
large areas near the coastline unexplored, would be apt to acquire interesting and
useful information much more rapidly. The party that elected to explore the
coastline and inland zone in a grid fashion would have acquired detailed knowledge
of the relatively limited area in the vicinity of the coast line. Eventually, it might
expact to include in its survey those points of interest previously encountered by
the more adveaturous party. Thus the advantages of a thorough and comprehensive
survey must be balanced against the usefulness of making some of the more
exciting discoveries early in the game.

2-2




I.
w7/
7ed  BOSTON, MASSACHUSETTS

ALLIED RESEARCH ASSOCIATES, INC. /7
[ 4

It was decided to attempt to achieve a balance between these two points of
view in the present study. Although the distinctions were not severely drawn,
there was a general trend toward the cataloging approach in the section on the
mechanoreceptors and chemoreceptors, while the more frec-wheeling technique
was applied in the case of photoreceptors and mneural mechanisms. The depth of
coverage in this pilot study is not sufficient to permit a fair evaluation of the two
methods; it appears, however, that the choice is partially dependent on the
individual habits of the investigators. We are inclined to believe at this point
that neither technique should be abamdoned eatirely, but that at least one person
in a study group be given the freedom to scout new territory as the occasions
present themselves.

Organigation of the project was necessarily ceatered around the basic
problem of establishing communication between the biological sciences and the
engineering specialties, and in' providing the investigators representing these
areas with sufficient vocabulary and a basic understanding of each other's fields,
to establish a workable interface. In addition to the neceasity of virtually leara-
ing an unfamiliar language, each project member was faced with a requirement to
put aside whatever professional prejudices he may have held toward the other
field. In the case of the present group, fortunately, there seemed to be a mutual
inclination to remove these barriers. Nevertheless, a predisposition toward this
kind of cooperation, although nacessary, is not sufficieat to ensure an adequate
interface. One does not acquire a sufficieat insight into the areas beyond the
boundary simply by agreeing to be tolerant about it. The problem of cross-
education was met by persistent exposure to the material at hand, and by seeking
to evolve a "middle languager through which all members of the project could
communicate.

The major share of the project effort went into preparation of the bibliogra-
phy, consideration of the philosophy of the approach, and orientation of the project
members to what was to many of them a new discipline. The remainder of the
activities were directed toward the preliminary analysis of the data, the results
of whi ch are raported in the sectioms that follow. It must be reiterated that in no
case does the reported material comprise more than a preliminary foray iato the
respective subject matter, but serves simply as a sample of what appraoches may
be takem and the kind of data that may result from each.
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3. Mechancreceptors

It is convenient to group the mechanoreceptors according to sensed para-
meter provided it is realized that distinctions between groups must in some cases
be made rather arbitrarily. F.r example, certain pressure sensore actually
operate by scnsing the stretch vccasiuvned by application of pressurce tu the organ.
Thus the pressoreceptor 1ay be considered as a specialized stretch receptor.
In somne cases, of course, the Jdetails of the sensing mechanism rcmain a subject
of contrcversy. The proupings emiployed here are informal and were sclected
for convenicnce in this phase of the study. Continuing work, in which the subject
were expanded in both depth and breadth, might certainly Jemand u miore formal
crouping.
For present purposes, then, the inechancreceptors have been grouped into

the following areas:

stretch (strain)

pressure and touch

‘ acceleration

sound and vibration

The discussions of each mmechanoreceptor jroup will follow a format con-
sisting uf a list of bivsensors in that group, descriptions of individual sensors, and
in sulie cases quantitative data on cperating characteristics. In peint of the
latter, it is by no nicans surprising that data tuken in a biolo rical laburatury are
frequently expressed in terms not :lirectly upplicable to the ficl?! of instrumentation

design. This fact primarily reflects the differences in approach and objective

of the biclugical scientist and the enginecr. The reduction in these differences
in apprcach has already berun to appear as a product of the evaluation of the bio-
engineer, who will undertake experiiuents of a biolugical charecter to answer
nucstions of an cngineering nature. (He will, of course, reverse this procedure
in attempting to answer bivlogical questicns by recourse to cngineerin analougs
anj analytical techniquez:).

Ancther difficulty arises through the fact that an vrganic receptor does not
lend itself casily to the sort of 1 easuremient and testing taat an engineer likes to

’ perforn on & comiponent in an inorganic systen'. TNecuause tae biosensor is so
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sensitive to its operatinp environment such tests must be carefully tcilored in
terms of the situation in which it is to operate. Since most tests reported to date
are slanted toward determining behavior of the senscr in its natural state, i.e.,
within a living organism, any quantitative data from these experiments must be
considered with reservations whenever a specific sensor is contemplated iu terms

of its usefulness in instrument design.

3.1 Stretch Reccptors

As previously noted, the grouping of the bioreceptors is somewhat arbitrary
as a matter of convenience. For the present study the following were included

in the stretch (strain) category.

Carotid Sinus

Aortic Sensors

Atrial Stretch Receptor
Muscle Spindle

Golgi Tendon Organ

The first two items in the list offer an example of sensors that one might
be inclined to place in another catezory. The carotid sinus acts as a pressure
sensor, while the atrial receptor senses the degree of fillin« (relative volume of
contents) of a cavity in the heart. Ncvertheless, those orzans actually operate
by sensiny the degree of stretch of the arterial and atrial walls and hence are
frequently classes as stretch receptors.

It must be recognized, however, that in much of the literature the carotid
sinus receptors are referred to variously as baroceptors, pressoreceptors, etc.

The remainder of this section presents a sampling of some of the data
derived in the literature search. Scveral of the receptors are described and

samples of available quantitative data are given.
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2,1.1 Carotid Sinus and Aortic Region

Two imiportant sets of stretch receptors are found in the carotid sinus and
in the aurtic area. These sensors operate, in conjunction with the clasticity of
the arterial walls that contain then:, as hydraulic pressure transducers. These
sensurs arc of variable sensitivity and arec crucial elements in the reflex homeo-
stasis of blocd pressure and, to a lesser degree, of respiration,

Fhe carotid sinus is the term applied to the slipht enlar: ement that occurs
at the bifurcation of the commun carotid artery irntou the external and internal
carctid arteries (Figare 3 -1),

The aurta is the main trunk of a scrics of vessels that carry oxygenated
Lblood te the various tissues of the body fur their nutritiva. It leaves the heart
at the upper part of the left ventricle und arches over the heart, descending then
tu the abdoninal cavity (Fijure 3-2), These bricf descriptions f the car.tid
sinus and aortic re ion arce adapted fruia Refercence 1 in wihich detailed descriptions
inay be founa.

The carutid and aortic arcas bHoth countain two types of proprioreceptors
respoendin: to mechanical (pressurce) any cheniical stinvalation, roespectively. The
.ressorecepturs are situated an.ong the cullagenous fibers in the walls of the
car . tid »inus and avrtic arch. They are stimulated by a stretching: force, as by a
risc in arterial blood pressure (Ref. 2). T'he afferent nerve it pulses fron) these
arelsoreceptors are applied tc the caruic-inhibitory and vasonotor centers. Con.-
pression of the carotid sinus area (so a» to raise the intrasinusal pressure)
causcs slowing of the heart rate anu dilatiun of the blood vessels, bLoth effects
rcsulting in a fall in systemic blood pressure. Pressure on the carotid irtery
somc distance below the sinus (so as to reduce the pressure within the sinus)
causes cariiac acceleration, vasoconstriction, and a rise in arteriul pressure.
These effects are accompanied by the liberation of adrenaline. The sinus and aortig
rerves constitute a most unportant mechanisin in the control f arterial blood
pressure and in the maintenance of circulation tu the brain., For example, these
nerves arc apparently the agent for compensatiun of the bluood pressure when the

body chanzes from the recuimbent to the sitting position or fronm sitting to standing.

3-3




P

FIG 3

ALLIED RESEARCH ASSOCIATES, INC. /??/5/
J%2d  BOSTON. MASSACHUSETTS

[ 4

LOCATION OF THE CAROTID SINUS
(REF 1)

CONM N
Ak TID -
sR TR~y




t6 32
ALLIED RESEARCH ASSOCIATES, INC. ‘—‘/’W/
S %2d  BOSTON., MASSACHUSETTS

4

[ 4

ARCH OF THE AORTA
(REF 1)

= AUKTIC ARCH
ASCENDING ACRTA-

NG
- i

'
. ' -
M\ U WONIVITSERT
'

- Jea— DESCENDING AORTA

/
g : RN

3-5




V.
ALLIED RESEARCH ASSOCIATES, INC. /W
/ %ed __ BOSTON, MASSACHUSETTS

T'hese mechanisn.s are aluc called into ;lay when the Llood systemm becomes under-
fillca as in the case of henorrhage r shock, initiating a ;;eneral vascconstriction
to adjust vascular capacity t. the reuuced tlou:l volume and thus iraintain the blood
pressure. The function relationships of the sinus an¢ aortal prescure sensors are
illustrated in Figure 3.3,

Both the pressoreceptors anu chenicrecepturs of the carotid anu acrtic
areas arc cunnected to the respirat.ry center as well as to the cardicvascular
centers. However, it appears to the authors of Refereunce 2 that the effects of
these sensors unrespiration nunder physiovlogical cunditions are not renerally
significant, the pressure function hein,. perhaps an .bsclete riiechanism no longer
needed by the n.ammal and the cheiniorecepter acting as a last-ditch uefense against
respiratory failure.

The arterial baroceptors are of variable sensitivity so that the cardic-
vascular systen. is somewhat sclf adaptive, Experimental results inuicate that
the state of contraction and resistance tu stretch of the barusensitive arterial walls
are controlled by the syinpathetic nervous system. It is thou_nt thut cfferent
pulses fron: the syn.pathetic nerves cauase lucal releasc of chesiicals that modulate
the sensitivit;y of the pressorecepturs to intra-arterial pressure (Reference 2).
This is one examnple of the facturs that n.ake physivlogical vata .ifficult te translate
into instruiment data. The developnient of instruinentatiun fron a living arterial
tarvcepter would require specialized experin.ents under which all paraimeters were
controlled tu siniulate the preposed operating enviromnent,  On the other hand,
availability of a variatly-sensitive transducer may offer scie attractive aivan-
tages.

The carotid sinus cuntains many inuividual pressorcecepter end organs which
differ from une another both ir their sensitivity (in.pulse frequency vs arterial
pressure) and in their threshola levels, Euach responds te an increase in stretch
(unce the threshold has been passed) by un increase in the frequency of its output
nerve iupulses. Thus a rise in pressurc increases the nunber of afferent pulses
from the sinus by incrcusiny both the frequency of dischar ¢ frun: individual end

organs and the nurnber of participating end urgans (Ref. 4).
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DIAGRAMMATIC REPRESENTATION OF CARDIOVASCULAR
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This effect may be cbserved in Figure 3-4, drawn frorns an clectrineurogramn:
shown in Reference 4. Two end orpans in the carctiu sinus of a rabbit were
nivnitored by an oscilluscepe. The sinig was subjected to a pressure of 70 min
H:, which caused une end or_an tu discharce at 15 impulse/sec (trace A). When
the pressure was raised to 100 mm Hg, the first sensor increased its .ischar;e
frequency to 25 uinpulse/cec and the second sensor coir menced discharre at 20
unpulse/sec, the latter oGein' shown as the larzer spikes in trace B. Thus the
Jifference in both threshold level and sensitivity of the two inuividual end urpans
arc demonstrated.,

The response of a single end organ to a sustained stunulus is shown in
Figure 3-5A. When the pressureis brought to 65 mm lig, the response consists
of 1 train of pulses occurring with ~ hiczh degree of regularity. The frequency of
discharge falls off very slowly over some seconds and then ren.ains steady for an
indcfinite tiine at a rate only slightly less than the initial maximum value.

Corni pared to other reccpturs in general, the barcceptors of the carutid sinus are
ver. slowly adapting. Such bchavior is quite appropriate fur the regulation of
blood preszcure in a systen. wherein pulsations tend to be smoothed out at higzher
1. ean systen.ic pressures (Ref. 4).

Response data in a form interesting to instrument designers is shown in
Figure 3-5B. However, it must be emmphasized that this curve represents only one
particular end urr-an, and that there arc wide differences in the sensitivities and
threshoelis of dudividual sensurs. The curve was pl.ttcd {rom electroneurograms of
a sinple receptor at four steady-state pressures. A 2-1/2 fold increase in output
frequency uccurred over the 5-1 pressure range. Althouph sucn a striking linear
behavior uver the entire rance of pressures investigated is frequently observed,
in uther casec. the sensur saturates at a level of 140 to 150 imm H;; with the miaxi-
mum sensitivity occurring between lin.its within which the carotil sinus reflex
nm:1_ht be expecteu mainly to fanction (Ret. 4).

I'he carcti. sinus receptor, like mwany sensors, exhibits a silent period
fullowing a sudden decreasc in stiurulus. This effect is illustratey in Figure 3-6.
When the pressurce within the sinus was quickly reduced frorn 12010n Hg, to 30 mm
the imipulse discharge stopped abruptly anu conipletely fur about 1# seconds, and
then radually developed to a new level characteristic Lf the lower pressure (Ref. 4).

A sinilar effect of shorter duration is found in the case of .nuscle spindles,
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. A. RESPONSE OF SINGLE END ORGAN IN CAROTID
SINUS (RABBIT) STIMULATED BY CONSTANT PRESSURE
OF 65 mm Hg. (FROM REF.4)
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B. RESPONSE vs. PRESSURE CHARACTERISTIC OF A
SINGLE END ORGAN IN CAROTID SINUS OF THE
RABBIT (REF. 4 )
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THE TEMPORARILY COMPLETE CESSATION OF
DISCHARGE FROM A CAROTID SINUS RECEPTOR

FOLLOWING A DECREASE IN PRESSURE FROM
120 mm Mg TO 30 mm Mg AND ITS SUBSEQUENT

RETURN (REF 4)
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The quenchiny of sensor output by a reduction »f stimulus prebably contributes
tu the dynamic response of the vrpgan to a pulsating stimulus. Vhen the sinus is
subjected to the normal stin.alus of the arterial pulse, it is cbserved that at low ur
medium pressures the nerve impulses are produced only during systule even
thouzh the diastolic pressure is sufficiently high to evoke a uischarge if maintained
continuously,

The difference in carotiz response to pulsatile anu steady flow is demon-
strated in experiruents by Ead et. 1. (Ref. 5). One curctiu sinus of a cat was
iz lated and perfused by a punup in such a way that the intrasinusal pressurc could
be controlled. The carotid sinus nerve was left intact so that afferent pulses fromn
the sinus cperated on the vasonictor ceuter. Thus sinus stimulation acted to
reduce the systeiuic bloud pressure (hypotension) »f the anesthetized aniimal., The
blood pressure was recocrded fron the femovral artery while the sinus perfusion
pressure was varicd and the devrce of bluod-pressure depression was thus used
as an indicater of sinus response. The results arc summarized in Table 2,1,

taken from Reference 5,

TABLE 2.1

Mean sinus perfusicn Mean systernic tlood tiean systemic bloou
pressurc (inm H,) pressure (during noun- pressure (duriny pulsa-
pulsating sinus perfusiun) tile =inus perfusion)
(1xe H_) (i:r: Hp:)

0 120 1¢0

15 160 120

80 160 110

135 115 6b

240 a3 Q3

At any jiven nican sinus perfusion pressurc below 240 wun. Hy., pilsatile perfusion
iz more ceffective in causing reflex hypotension than is non-pulsatile perfusion, At
hih sinus perfuasiun pressures (about 250 rvom Hy) the two types of perfusion pro-

duced alimost identical reflex responses.
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An another cxperirr.ent in the series, in which the natural blood flow through
the sinus could be made either pulsing or stecady by means of an irnpulse absorber,
the clectroneurograms for botia flow types were cunspared. It was observed that
during steady flow the impulse discharze occurs stecadily throughout the cardiac
cycle, while during pulsatile flow the in.pulse discharze is grouped, the bursts
occurring during systcle and early Jiastcle of each caruiac cycle. The maximum
frequency attained during pulsatile fliw exceeds that seen during non pulsatile
flow, although the average frequencies (ur umnpulses per cardiac cycle) were
approximately the san.e for both types of flow when the mean pressure was in the
range of 100-100 mm Hc. It appears that a given number of pulses cccurring in a
short high-frequency burst are micre capable of affecting the vasoniotor center
than the same number uccurring as a steady dischorge of lower frequency (Ref. 5).

The authors conclude (Ref. 5) that the activity of the baruceptors in the
aortic area miay safely be assumed to rcact to pulsatile changes in a manner simi-
lar to that of the carotid sinus described above.

An interesting dynamric study of the carotid ¢inus operaticy in the blood-
pressure rezulation loocp has been performed by Warner (Ref, t). He Jdevised an
electric analog of the carotid sinus, shown in Figure 3-7, which he substituted
for the sinus. By varying the transfer functicn of the analog and the frequency of
the pulsating stimulus he was able to measure the dynamic respunse of the tonic
reflex systeru. It was ubscrvea that at certuin pulsatile frequencies the effect of
amplifying the effect of carotid sinus activity was to aggravate ruther than diminish
arterial pressure variations. Theoretically, a dclay in the servo loop equal to one
half the perivd of disturbance will change norne:ally negative {ecedback to positive.,
The experimental results support the concept that the phase shift in the regulatory
system is determined by the tiine lag in the respunse of arterivlar smooth muscle
tu stimulation of the carotid sinus nerve.

If at these critical frequencies, tac gain around the loop is greater than one,
the systen: is unstable and uscillaticns will grow. Failure tu ubserve this insta-
bility, even when the siirulator was made {ar niore sensitive than the carotid
sinus, is attributed to the nonlinear depressor response of the animial to increasing

frequency of carctid sinus nerve stiwnulation (Ref. ).

3-13
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DIAGRAM OF AN ELECTRONIC ANALOG OF THE
CAROTID SINUS AND THE EQUATION WHICH
DESCRIBES ITS FUNCTION

(REF 6)
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From the point of view of this report, the interesting feature of the analog
18 the prescnce of a first tiime-.dcrivative term in the transfer function. This
term reflects the already-described properties of sensor adaptation to a sustained

stimrulus and the abrupt period of silence following reductivn of the stimnulus.,

2,.1.2 Atrial Stretch Receptor

The upper chambers of the heart cre known respectively as the right and left
atrium. These are the input areas of the heart -- the right atrium receiving venous
blood from the body's circulatory systen., and the left atriiun receiving newly
oxygenated bluod {rom the lungs.

The exact inncrvation of the atridl regions apparently remains controversial.
However, the nature .f the receptors in these areas and their related reflex
functicns have been studied by wany authors (References 7 through 13). For
purposes of the present report, the following composite picture rnay be presumed.

The functiocn of the atrial receptors appears to be twof . 1.: (1) to adjust the
car.Jiac rate to accominodate the rate of flow of blood into the atria, and (2) to
reiulate the total voluime of actively-circulating blood threcugh reflex mechanisms
affecting the kidneys and other crians. :An example of the first function is seen in
the RBainbridr-e reflex, named after its uiscovercr., The reflex causes an accelera-
tion in heart rate when the pressure of bluod entering the auricle is raised. The
reflex is carried out presun.ably throu:h the affercent vagal terr.ination beneath
the endocardiuri and in the walls of the ;reat veins near their cntrance tu the
auricle. The nerve fibres are stitnualated by the increased venous pressure which
rises only after the cardiac chambers have been conpletely filled. Through this
mechanigim, the heart rate is adjusted auturcatically to the voluiae of blood poured
into its chambers (the vencug inflow) (Ref. 2).

The sccund function is manifest in the homeostatic response of the kidney to
changes in the voelune of bleod circulating, in the svste:. . The receptors of the
atria, and poussibly the proxiu al portiuns of the veins enteriny thc atria, are
believed to react to circulating blood volutne in such a way a5 to control the flow of
urine and thus stabilize blood volumie. It has been found that effects tending to
increasc volume, e.p. infusion, lead to diuresis (abnormal urine flow) while

hemorrhage will cause ulijurea (antiviuresis).
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The sensors involved are variously termed stretch receptors and pressure
receptors. There arc indications that both may be prescent. However, the
pressorcceptors are described as sunilar to those in the carotid and aortic areas
(Section 3.1.1) which inay be considered ultimately as stretch reccptors.

The stretch receptors in the atrium have been found responsive to degree of
filling of the chamber (Ref. 7). A sample response curve taken fron: the refer-

ence is shown in Fiure 3-8,

3.1.2 Muccle Soinldles and the Gelei Tendon Orcans

.

The receptors situated in skeletal muscles and in the tendons and joints
furnish informatiocn to the central nervous concerning the movements and positions
of the limbs and other parts. Afferent fibers carrying this inforn:aticn make up
from 1/3 to 1/2 of the fibers in a sc-called motur nerve. A: a result of the
messages received by the ncrvuus centers, the contractions of individual inuscles
ang j;roups of muscles arc coordinated to produce smooth, finely adjusted and
effective rovewments which would be iiupossible in the absence of such guidance
from the periphery. For this reascn the term kinesthetic is applied to this group
of receptors. A proportiva of thesc affecrent imnpulses arouse no sensation, their
information bein: delivered to centers lying beneath consciousness. To others
are Jdue the sensativns grouped under <deep sensibility. The receptors in the
situations menticned respond to rmechanical stirulation, e.g., pressure or stretch.
Thesc types of stimulus arc furnished by the strains and stresses set up in the
muscles, tendons and joints durin; muscular centraction (Ref. 2).

The sensory endings in the various situations mentioned above are of four
main types: muscle spindles

Golgi corpuscles
Pacinian corpuscles

free nerve endings

The first two of these “re considered to be stretch receptors, :.nd as such
will be discussed here. The third is 1 pressure receptor, discussed elsewhere,

and the fourth is 2 pain receptor.
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All stretch-sensitive units have properties in common. All respond to
stretch with a regular rhythmic discharge of impulses. The rate of firing is
somewhat higher during and immediately after the imposition of stretch, but the
discharge rate rapidly reaches a relatively steady level, which is maintained for
hours if the muscle stretch is held constant. When the tension on the muscle is
increased, the number of impulses per unit time increases, but not in a linear
fashion. The firing rate is approximately directly proportional to the log of the
applied muscle tension.

This relationship holds only within a limited range of applied tensions. At
high tensions, the response falls short of the expected proportionality. Moreover,
for different receptors, the slopes of the curves relating discharge rate to log
tension are different. Discharge frequency is thus one way by which the receptor
signals intensity of stimulus to the central nervous system.

If the monitored strand of fibers contains several axons supplying stretch
receptors, another correlate of intensity becomes evident. As stimulus intensity
is increased, the number of units responding increases. The thresholds of stretch|
receptors are distributed in accordance with a normal frequency curve, so that an|
increase in the intensity of the stimulus, i.e., muscle stretch, recruits additional
units.

Receptor variation in threshold is due partly to true variance in sensitivity
to stretch and partly to variance in location in the muscle, some rcceptors bear-
ing more of the brunt of muscle stretch than others. Each of these receptors
fires at a frequency which is determined by the extent to which the stimulus
exceeds thc threshold of the individual receptor. These two intensity-signaling
variables - number of active units and frequency of unit discharge - account for
the grading of reflex response to various degrees of stretch. It may be noted
parenthetically that the relationships between stimulus intensity and receptor
discharge outlined above are not unique to the stretch receptor. Similar relation-
ships have been observed in a wide variety of receptors, including some involved

in reflex regulation of visceral and vascular structures.
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The muscle spindle and the Golgi tendon organ both respond to stretch.
However, they respond differently to muscular events because of their different
methods of incorporation into the muscular complex. The muscle spindles
occur within the muscle, lying parallel to and betwecn the muscle fibers. The
tendon organs are found near the ends of the muscle, in the tendons. The opera-
tional effect of this difference is shown schematically in Fig. 3-9. In A, the
musacle spindle is shown to be mechanically connected 'in parallel" with the
muscle fibers. Thus, when the muscle is stretched by an external force, the
spindle responds with a pulse discharge. On the other hand, when the muscle is
contracted by the application of a stimulus S to the muscle fibers, the spindle is
silent. The tendon organ, represented in B, operates 'in series' with the active
fibers of the muscle. As such, it is equally susceptible to, but does not distinguis]
between, mechanical stretch :pplied by a passive pull on the muscle and that
applied by active muscular contraction, both being actions that exert tension on
the organ.

The muscle spindle is a fusiform body (i.e., spindle shaped, tapering at
both ends). The spindle is located within the muscle itself, lying parallel to and
between the muscle fibers. It is constituted of a bundle of from 3 to 10 muscle
fibers (intrafusal fibers) enclosed in a fibrous capsulc. The nervc supply of the
spindle is double -- afferent and effcrent.

An afferent fiber, upon entering the spindle and losing its myelin sheath
and neurilemma, may end in one or other of two ways. (a) Some become flat and
ribbon-like and wind in rinjs or spirals about the intrafusal fibers. I'hese are

called annulo-spiral or nuclear bay endings. (b) Others ramify upon the intra-

fusal fiber surface in A manner supgesting a spray of flowers. These are called

flower-spray or myotube endings (Refs. 2 and 14).

I'he efferent fibers, called fusimotor fibers or ~amma effercnts, termin-

ate in end plates situated on the striated poles of the intrafusal fibres. According
to Barker (Ref. 15), both poles of the intrafusal fiber receive this motor innerva-
tion. The function of these fusimotor fibers is apparently to furnish a variable
threshold, or "bias", to the muscle spindles. It has becn demonstrated that

fusimotor activation causes contractions of the intrafusal fibers that are too feeble




FiG 3 3

BOSTON, MASSACHUSETTS

ALLIED RESEARCH ASSOCIATES, INC.

TN TTIOOT

(#I 43Y)

S¥34I1d TSN OL SNVOHO NOAN3IL ANV S3IANIJS 310SNN 40 NOILVI3Y

A3ILOVEHILINOD 3ITDOSNN Q3IHOL3IYILS I3NOSNWN

.k
..2;
ENL M NAYN
T rrr 11 7T
L)
e

mu B NVYOSEMO NOAN3IL (8)

FONTHIS0T A ' .
TrrToaTviTyITY m‘
& r\

3TANIAS (V)

—
Ly

197 2707

bR it

3-20



ALLIED RESEARCH ASSOCIATES, INC. 716/
/ 0] BOSTON, MASSACHUSETTS

to add sirnificantly to the total muscle tension, but are sufficient to affect pro-
foundly the afferent discharge of the spinule (Ref. 14). Whitteridge explored the
behavior of the muscle spindles in the extraocular muscle of sheep and goats
(Ref. 16). With the motor nerve cut ind no stimulation to the gamma fibers, the
spindles tested showed a linear relation between extension and frequency within
the probable operating limiis of the mnuscle. Sensitivities were found to occur
in the ran-e between 1 and 5 iinpulses/sec per millimeter of stretch. When the
samma fibers were stimulated & linesr relation was still seen, but the sensitivitieg
were plotted azainst frequency of the ramma stimulation (Ref. 16). The curves
obtained were sensibly straicht below 150 impulses/sec. Althouch camma stimu-
lation increases the sensitivity of the primary affer :nt endings of the mnuscle to
spindle stretch, it appears to have little or no effect below their thresholds to
stretch. However, there is evidencc by Hunt (Ref. 17) that the threshold is re-
duced by stimulation of sympathetic nerve fibers, which differ from the jamma-
efferent fibers and may be considercu in the present context tc be a third class
of innervation.

Thus the muscle spindle proviues a stretch receptor with variable
sensitivity and threshold. The affercent discharge of the spindle depends not only
upon stretch but also upon the number ol impulses »eachin: the spindle via the
fusimotor and sympatihetic fibers. lKach spindle receives up to five fusimotor
fibers, providin~ a precise mecechanisms for aradin : the receptor sensitivity
throu~h a considerable ran-e.

The Gol+i tendecn ortan is cin racterized by a relatively very hivth thres-
hold, usually requiring tensions of 100 to 200 grams or more fuor sustained
firing (Ref.14). It does not possess the efferent nerve fibers, and thus the vari-

able ~ain and threshold characteristics, of the muscle spindle.
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3.2 Pressure and Touch

Pressurce receptors may be consitered inforn:ally a= fulling into threc
functional groups. The first group scuses hydrodynairic pressures within the
orpanism, Four example, the barucceptors of the carotia cinug, described in tihe
previous section, monitor the bleod pressure. As stated enrlier, these are
frecquently classe:d as stretch receptors because of their uperating riechanism
and, 4s» suchl, were treated in Section 3.1. The second group, of which the
Lurenzinian ancpulla is an exairple, scnses hydrostatic pressure outside the
organisin:. There is evildence taat this wnnulla is empluyed by certein {ish to
scnse their cepth under the surfuce of the water., Tie third functional proup
senses what 1y be called ceontact-type pressure, c¢.g., that caused by pressing
fairly hare ~<ainst the skin, Althcuch not necessarily restricteu to it, the Puoci-
nian corpuscle is an cxarncple of the third yroup.

Touch, :r tuctile sensation, is urnhused by light contact (in contrast to the
heavier contact associated with the pressure sensation). The tactile sensation is
subserved in man by three types of receptor: Meissner's (Wagner's) corpusciles,
Merkel' s disks, and a hasket-like arrangen:ent of nerve fil,L -5, surrounding the
base of hair [ullicles. deissner's corpuscles are situated in the papillae of tue
skin, just beneath the epiderivis, They ire unevenly distributeu, being sparscly
aCattered over such a re; ion as the volar aspect of the ferear:s but nun.erous in
the skin of the hand, foot, nipple and lips, und in the mnucuus (einubrane of the
tip of the tongue. They are well oriniced structures, counsisting of irvegularly
cuiled nerve endin s with capsules of connective tissue., Merkel's Jdisks consist
of 'ruups of three or 1aore cup-shaped uisks with a reticulated sppeurance. The
nerve fiber upon appruaching o arop of such stractures breaks up into branches,
wne poing to each disk, ‘ierkel' s disks are found in the skin of the snouts of piys
and other inanals and i the finger-tips, lips and roouth of han.  The basket-
like arrunge:n ent, surrouaunding the base of o hair follicle consists of a nuber of
~hort, vertical, nerve filurments which enu in sma:ll bulbouas expansions. They are
itunulated by any slight noovements of the aaire /Rer. O).

Liequality of pressare with'corseanent cetforination of tae skin surfacce is the

essentiil factor in the stirmulaticn of touch receptors.
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5. 2.1 Pressure

Since those sensors described ibove is belon inj to the first, or baroceptor,
group 2re represented in Section 3.1, they will not Le discussed turther here.
Attention is directed first to the Puacini n corpuscle, ind then to the less well
understood Lorenziniin corpuscle.

"The P.ciniin corpuscles (r'i. 3-1i) are ovil bodies composed of concentric
laminne, like the "skins" of 2 sectfoned onion. The .tferent fiber penetrites to
the center of the corpuscle. Pressure with elony 'tion of the organ and consequent
stretching of the nerve endiny is the :dequate stimulus. tThese receptor organs
are found in tendons, joints, periosteum, especially beneith tendinous insertions,
in fasciae covering muscles and in subcutaneous tissues. They are also found in
the mesentery. The structure of these receptors .ppears to be such that 2
mech:nic1l stimulus such as stretching pressure, etc., induced by muscular
action will be pplied most effectively to the naked .ixis cylinder within its center’
(Ref. 2).

Morphological and Listologic .1 daty on the Pacinitn corpuscle ire quite

tbund.nt (e. =., Refs. 18 1nd 19). Several variations on the structur:l details have

been found, involving princip.illy branchins and ~rborivition of the axis -cylinder
terminition ind the inner bulb< +nd lamellae.

The Pacinian corpuscle is descrilbed as rapidly adapting 1na sensitive to
very light touch (Ref. 29). A deformation of 0.5 microns for 120 mmilliseconds will
excite the corpuscle. Studies of the minimum vilue of extent aind velocity of
stimulus required for excitition showed a typical value to be 0.5 micron in 89
s sec which corresponds to a velocity of 0.006 m/sec. In experiments with short
(<500 psec) repetitive mechanical pulse stimuli, it was found that the minimum
interval between action potentials for any given stimulus strength agreed with
values expected froin direct mmetsurements of refractory period (1 to 2 m/sec). In
one case 1 stimnulus freruency of 1000 cps w2s followed for a1vny seconds. (Ref. 2l).

Removal of the peripheril zones of the corpuscles ppears not to impair
their inechano-responsiveness (ref. 22). It is proposed that the Picinian
corpuscle acts simply as 1= mens of 1pplying the mechnnical stimulus to a section
of the axon, and of providing appropriate mechanical damping. It is capable of

protectin;; the axon from injury by the high pressures present at many of

. the corpuscle sites (Ref, 22).
3-23
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The initial 1pplication and the removal of the stimulus is much more
effective thain its steady mriintenance in producing output pulses (Ref. 21). The
corpuscle thus oper-ites in part 1s n differentistor, or hith-piss {ilter. It is
believed not to be 2 medi:tor of constant pressure (Ret. 29). Although this prop-
erty muy be partly neur:l in origin, there is some evidence tiiit it nrises from the
way in which thelayers of the corpuscle trinsmit the mech:nic il stitmulus to the
core. Studies of the staitic and dynamic displicement of the corpuscle laminae
(Ref. 23) indicate this kind of Lehavior.

The relative insensitivity to temperature of the Pacinian corpuscle is of
interest from an engineeriny point of view. Eighteen corpuscles were subjected
to temperatures ranging frorn 0° to 12°C (and in a few cases to 60°C) after it was
determined that eich was responsive to mechxnical stimmuli. In a0 case was there
a response to temperature or temperature changes (Ref. 24).

The Lorenzinian ampulla is a large tubular organ that occurs in groups in
thc Zlasmobraches. I[n the dosfish, for e<ample, cach ampulla coniists of a
bu'b-like swellin; ubout 0.7 inm i1 diameter, located aecp within the h:ad »f
the fish, and a jelly-filled tube several mm lon<s that opens in & skii. pore. The
ampulla 15 innervated by 4-8 nerve fiber» that end inside the swellin~ (Ref. .3).

Because carlier investi rators fou. . the aimmpullae to exiiibit 4 hizh tempera-
ture coefficieirt (Refs. 26 and 27), they nave Leen widely regaried as thermo-
receptors. However Lowenstein (Ref. 25) believes hat their weep location in
the head and the relatively low thermal conductivity of tihe jelly arzue stronaly
against their beiny thermoreceptors. He determined experiine. tally that wheu
the internal ressure of the bulb was raised above tac ::ternal pressare, the
wer.erator potential increment is sufficient to produce nerve impulses that vory
in froguency with the pressure. When the internal pressure was abruptly in-
creased, the .erve uischarre had botn o -dynamic and a static aon-adaptive phase.
The fregyuency of beth phases increasew with prassure differc: tial.

Locwenstein concludes (Ref. 25): wThe Lore..zivian ampulla may thus
possibly serve as a receptor of hydrouynamic pressure. In the uynamic phase of
impulse Jdisch:r«e the sensitivity of the receptor at about 10 ineters of water
(the normal crusin; range of the fish) is from 5 to 12 impulses/second ner meter

of water pressure"
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3.2.2 Touch

Three types of touch sei:sor are listed in the introduction to Section 3. 2:
Merkelt s uisks, Meissnert's corpuscles, and hair follicles. Each of these
structures represents a way in which the cutaneous nerve iiber may terminate at
the locale of the stimulus.

The nerves associated with eneral sensations, i.e., heat, cold, pain,
pressure, to:ch, etc., are widely distributed throughout the body. They may

end frec among the tissue elements, or i.. special end orjans where the terminal

nerve filaments arc enclosed in capsules.

wFree nerve-endinss occur chiefly in the epiderimis and in the epithelium
covering certain mucous membrianes; they are well seen also in the stratified
squamous epithelium of the cornea, aiid are also founu in the root-sheaths ainnd
papillae of the hairs, and around the bodies of the sudoriferous glands. When the
nerve fiber approaches its termination, the medullary sheath suduenly uisappears,
leaving only the axis-cylinder surrounded by the neurolemama. After a time the
fiber loses it neurolemma, and consists only of an axis-cylinder, which can be
seen, in preparations stiined with chloride of yold, to be made up of fine varicose
fibrillae. Finally, the axis-cylinder breaks up into its constituent fibrillae which
oftei. present re~ular varicosities and anastomose wita one another, and end in
sinall knobs or uicks between the epithelial cells.

"Uiler this headinm may be classed the tactile disks descrived by Merkel as
vccurriny in the epidermis of the piz's snout, where tihe fibrillae of the axis-
cylinder c¢aw in cup-shapeu disks in apposition with lar-e epiticlial cells.  (Ref.1).

The special end or rans include the Pacinian corpuscle, described in
Section 3.2.1 and Meissner's corpuscles, of which the latter is a touch sensor.
The special enu orjans have one feature in cornroy; tae terminal nerve fibrillae
arc envelopeu by a capsule the functiou »f waich 18 to provide a proper match
between the aerve ending and the stimmulus .. th.t ‘nc :esirc.l static and dynamic
transduction characteristics will be obt.iie:. I some cases tac end organ

protects the nerve ending from irreversible darnare fromoverload.
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"The tactile corpuscles of Wagner and Meissner are oval-shaped bodies.

Each is enveloped by a connective-tissue capsule, and imperfect men:branous
septa derived from: this penetrate the intericr, The axis-cylinder passes through
the capsule, and after making several spiral turns around the body of the corpuscle
ends in small glcbular or pyriform enlargements. [hese tactile corpuscles cccur
in the papillae of the corium of the hand and foot, the front uf the forearn:; the
skin of the lips, the mucous nmembranc of the tip of the tongue, the palpebral
conjunctiva, and the skin of the mamn:ary papilla.' (Ref. 1).

Microphotographs of the Meissner's corpuscle and related tissue in the
papillary ridges of the finger are included in Reference 28. In particular, a
rubber model of the papillary ridge is shown. This model demonstrates the way
in which the ridge construction acts as a magnifyint lever mechanisn for trans-
missivn of the tcuch stimuli to the underlying receptors. 1he reference states that
Meissner's corpuscle is fully stimulated by pressurc coinciding with its axis.

The touch sensor rermnaininz tc be discussed is the hair [ollicle. All hair
follicles are innervated and, thercfure, are tactile in function (Ref. 29). Of
particular intercst, however, is the tylotrich follicle because of its specialized
construction and high sensitivity.

Some mammals, such as the cat and rabbit, possess suard hairs. In general
these may be differentiated from pelare hnirs which are shorter, finer und more
den.e th. n the lon-er, co: rser .nd more sparsely located -uaru hairs. These hairs
may be diviucd into three oneral types: vibrissae, comron -uird hairs ~nu
tylotricins. Vibrissae are most commonly found around the nose, chin and cyes
of fur beurin- rnammals. Thesc /ct as aperture sensin: receptors, i.e., they
judge the width of a pasasare throu-h which the animal may wish te pass. The
common uird hairs arc found over tihe surface of the animal and serve a two
folu function: protection »f the soft pela~e from environmental daniane anu
mediation of the tactile sense.

The tylotrichs are longer than common guard hairs; they are very sparse, are
straighter than the common guard hair, and they have longer, more gradually

tapered tips. Their follicles are profusely innervated and contain erectile tissue,
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i.e., tissue containing capillaries that dilate after stimulation. A dense network
of nerve fibers resides between the erectile tissue and the external root sheath.
Thus, erectiuon of the annulus and possible contraction of the band of smooth
muscle-like cells pruvides pressure on the nerve ending and consequent niechani-
cal arcplification of the stimulus. The tylotrich follicle, then, has a high and

variable sensitivity (Ref, 29).

3.3 Acceleration Receptors

In the present context, the term acceleration receptor will be taken to
include sensors of linear acceleration, gravity gradient, and angular rotation

and acceleration. The biological devices to be discussed in this section are

statocyst
semicircular canal and utriculus
lateral line organs

halteres,

A seuse of spacial orientation is vital to living organisms. Even
plants require that their roots grow down into the earth and their shoots grow up
into the air and sunlight. Thus, virtually all livin; forms possess some form of
spacial semnsor, rudimentary though it may be, to control their posture through
either motor control or directed growth, The requirement for this orientation
arises basically from the efficiency of the nourishment process, and to a lesser
degree, perhaps, from consideration of defense of the organism.

Free-moving animals require somethin: more than simple uttitude control.
The complexity of the need, in any siven case, is determined by the character-
istics of the body and of the locomotive process. Locomotion is basically con-
cerned with feeding and defense. Examples of the more sophisticated postural and
locomotive systems are found in the higher quadrupeds, man, and increatures of
flight. Dynamic stability and high maneuverability are essential elements in
the competition for survival, serving both the feeding and escape fuactions.
Dynamic stability requires the sensing and appreciation of velocity and accelera-

tion, in addition to simple position and attitude. The evolutionary process has

developed a variety of organs suitable for these measurements.
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3.3.1 Statocyst

The statocyst organ is most commonly found in molluscs and crustacea.
It may be thought of as a fluid-filled sphere whose lining is characterized by
sensory epithelium localized either on the top or bottom (Ref. 30). The epi-
thelial cells frequently possess hair-like projections that protrude into the
chamber. A solid or semisolid body, the statolith, rests on or hangs from this
sensory epithelium. The statolith, which is usually a calcium salt or sand grain,
provides the pendulus mass for the sensor; it triggers nerve discharges according
to its position relative to the sensory epithelium. Any change in position of the
statolith, whether caused by linear or angular displacement, causes a differential
pressure gradient on individual epithelial cells. This causes impulses to be sent
to the coordination centers of the central nervous system, where an appropriate
motor response is initiated,

An interesting experiment performed by Kreidl is described in Reference 1.
A crustacean that had just undergjone ecdysis was obtained. Characteristically,
when the shell was shed, some of the inner surface of the lateral portion of the
statocyst was destroyed. The animal was placed in an isolated area where only
iron filings were present- not the usual sand or other particles. The result was
that the iron filings were picked up and incorporated into the statocyst to form
the new statolith, It was then found that the orientation of the animal could be
directly influenced by the application of externally applied magnetic fields.

An extensive study of the statocyst in the lobster lomarus americanus has

been undertaken by Cohen (Ref. 31). Dy studying the response of the organ, he

identified four types of receptors according to the nature of their response:

Position receptor, Type 1
Position receptor, Type 2
Acceleration receptor

Vibration receptor.

Position receptor, Type 1-These receptors siiow a specific non-adapting

discharge frequency for different maintained positions about the transverse axis.

They are sensitive primarily to absolute position. The receptor threshald near
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the region of maxium rcsponse appears to be less than 6° of displacement,

Position receptor, Type 2-These receptors are capable of signalling abso-

lute position in a manner similar to that described above. In addition to this
static behavior, there is a differentiated dynamic response which seems capable
of signalling also the direction from which a given position is approached.

Acceleration receptor -Sp ecific receptors respond only to motion about the

horizountal and vertical axes, not to position. Although the article was not as
precise as it might have been in distinguishing rotational acceleration from
velocity, it appears that acceleration is the sensed parameter since the modula-
tion of impulse frequency occurs at the start and termination of the angular
motion. The threshold for this effect is quoted as occupying the range between 5
and 15°/secz. The impulses return to resting level within 0.5 sec after constant
angular velocity is reached.

Vibration receptor -Certain receptors were found that respond only to

vibration conducted through the substrate —not through the surrounding air or
water.

Cohen determined that removal of the statolith abolishes all position
responses but does not affect the acceleration or vibration receptors. Removal
of both the statolith and the fluid from the cyst abolished all responses except that
to vibration (Ref. 31). One is tempted to infer from this that the pendulus mass
(statolith) operates the position sensors, that the fluid motion itself supplies
sensitivity to angular acceleration, and that the epithelial cells and their hairs
respond to vibratory stimuli.

The properties of the Type 2 position receptor suggest an interesting area
for further research. The ability to determine the direction from which a posi-
tion is approached indicates some sort of memory and logic scheme in the central
nervous system. To one interested in the general area of neural behavior and
data processing, with applications for example to pattern recognition, every
possible occurrence of this mechanism in nature affords a potential opportunity

for fundamental study.
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3.3.2 Utriculus and Semicircular Canals

Man and other verterbrates derive position and motion data from the
inner ear, or labyrinth. The labyrinth consists of two parts: the osseus
labyrinth, a series of cavities in the temporal bone, and the membranous
labyrinth, a structure of communicating membranous sacs and ducts contained
within the bony cavities. The membranous labyrinth is illustrated in Figure
3-11. It roughly corresponds in form and shape to the osseus labyrinth and is
contained in it; it is necessarily somewhat smaller.

The osseus labyrinth consists of three parts: the vestibule, semicircular
canals, and cochlea. The components of the rnembranous labyrinth that corres-
pond to these divisions are the utricle (utriculus) and saccule in the vestibule,
and the semicircular and cochlear ducts in the respective canals. Details of
construction of the labyrinths may be found in Reference 1.

The three semicircular canals lie in planes that are very nearly mutually
perpendicular. Each canal, in conjunction with the utricle, forms a closed-loop
path for the fluid contained therein. An ampulla in each duct (Fig. 3-11) senses
flow of the internal fluid relative to the duct. When the organ is rotated in the
plane of one of the ducts, the inertia of the fluid column tends initially to hold it
stationary, so that it possesses a relative negative rotation with respect to the
duct wall. This relative rotation is sensed by the ampulla. If the rotation of the
organ continues at a constant angular rate, the fluid inertia is overcome by
frictional and capillary forces so that eventually the fluid and duct rotate togethexr]
At this time, there is no relative motion for the ampulla to detect. If rotation
of the organ should be suddenly arrested, the fluid would continue to rotate for a
time from its own inertia; the ampulla would then register a relative rotation in
the direction opposite from that registered during acceleration. Thus, the semi-
circular canals and their ampullae compromise rotational acceleration sensors ip
three mutually perpeundicular planes.

Detection of the relative fluid motion is accomplished by the cristae, the
receptor organs of the semicircular canals. They are situated in the ampullae
and consist of a structure of hairs and hair cells arranged to be sensitive to
motion of the canal fluid. The detection threshold for angular acceleration is
between 1 and 2°/sec? (Ref. 2).
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The possibility that rectilinear acceleration is also detected by the
semicircular canals has been proposed by “‘cNally and Tate (noted in Ref. 2).
The mechanism for this operational mode is not obvious since the ducts are of
capillary size and are well supported. )\ cNally and Tate apparently ascribe
this rectilinear sensitivity only to the vertical canals.

The utricle and saccule are fundamentally similar in construction to the
statocyst described in Section 3.2.1 and as such should be inherently capable of
sensing gravitational pull and linear acceleration. Evidence concerning the
function of these components is conflicting. However, sensitivity to both tilt and
linear acceleration are credited to the utricle, while the present concensus is
that the saccule is an orzan associated with the cochlea and designed for the
reception of slow vibrational stimuli (Ref. 14). It may be an organ for the
registration of vibrations in the head transmitted through bone -as distinct from
vibrations in air. The appreciation of the sound of one's own voice may possibly

depend therefore upon saccular as well as upon cochlear function (Ref. 2).

3.3.3 Lateral Line Orzans

Th: lateral lin: was once thousht to contribute to the ne intenance of
cquilibcium (Ref. 32). Howcever, no infermation aos come to li. ht durin- the
prosent investisetion re ardin any equilibration mechrnism in the oatercl line.
The concensus seens to be that this sroan is associated primarily with the
raception of vibraticn; itc description is therefore deferred to Section 3.4

which d.::ls with that zuhject.
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3.3.4 Halteres of Diptera

An interesting gyroscopic device is used for aerodynamic stability by the
true flies of the order Diptera. It appears to give the insect sensory indications
of rotation in the yawing plane. This capability is manifest in a pair of organs
known as halteres. The information given nere is taken from Pringle's work
(Ref. 33).

The halteres are essentially dumbell shaped organs that oscillate rapidly
in vertical planes during flight. They are swept back from the transverse axis of
the insect by an angle of approximately 30°. Their gross morphology varies from
family to family according to the extent of evolutionary development; it is
generally accepted that the halteres are modified hind wings. In the more primi-
tive forms, such as Tiguls of the family tipulidae, the halteres are very long and
exposed; in the more specialized cases they are very short (0. 7 mm in Calliphorg,
and in the calyptrate Diptera are covered by a flap of the wing so that they
oscillate in an enclosed space and are presumably little affected by the airstream.

The construction of the haltere is exceedingly complicated both with respect
to its articulation and to its sensilla. Since these are covered in detail in
Reference 33, the present description will be restricted to that necessary for
functional understanding.

A mechanical picture of the haltere operation may be gained by the analog
diagram by Pringle (Ref 33) and shown in Figure 3-12. The axis of oscillation
is shown by the bearings AA. This oscillatory motion is sustained Ly a single
muscle, connected at M and operating in a direction perpendicular to the paper,
and by the restoring torsional spring S. The mass of the system and the elas-
ticity of the spring determine the natural period of alte nation of the haltere, to
which successive contractions of the muscle must be adjusted in order that the
amplitude of the oscillations build up. Sensors located at the base of the stalk
serve to measure the amplitude of oscillation and regulate it through reflex
inhibition of muscle contraction.

The secondary degree of freedom of the haltere is represented by the pin

at P, damping of the motion about this axis, accomplished by the fluid contents of
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the basal structure, is represented by the dashpot H. '"When the haltere
oscillates about the axis AA the mass of the moving portion, counsidered as
located at the center of gravity C, moves round the circumference of a circle.
Since the line D through P and C t:na.kes an zngle of less than 90° with the axis
AA, there will be a torque tending to rotate the line B! into the position YY at
right angles to AA. This torque is discontinuous, but it is always in the direc-
tion teading to rotate the line BE into the position YY; it fluctuates at a frequeuncy
twice that of the oscillation of the haltere. Provided the articulation at P is
sufficiently free and the damping produced by the fluid contents of the haltere is
sufficient to average out this fluctuating torque, the slight secondary freedom of
movement will therefore ensure that the centre of gravity of the moving portion
of the haltere always moves in 2 plane through P at right angles to the axis AA,
i.e. a vertical plane if AA is horizontal. Curvatures and irregularities in the
stalk are therefore unimportant, and when the haltere is oscillating with the
insect at rest, the forces acting on the basal region just distal to the secondary
articulation will always be in the vertical plane.

"Now consider the effect on the dynamics of the haltere of angular rotations
of the entire fly. The angular momentum of the oscillating mass, being rotated
out of its own plane nf oscillation, will produce gyroscopic torques in the same
way as if the mass were continuously rotating, except that these torques will not
be constant in magnitude or direction. In order to obtain a satisfactory theoreti-
cal treatment of the problem of an oscillating gyroscope it is necessary to make
three approximations, each of which will be examined later: (a) that the oscillat-
ing system distal to the articulations already described is rigid, (b) that the
mass of the system is concentrated at a point, and (c) that the oscillation is a
simple harmonic motion. With this simplification the properties of the system
may be analyzed by the methods of dynamics. The analysis shows that, apart
from the primary torques inhereat in the oscillatory motion and present when
the fly is stationary, angular rotations of the whole fly set up a torque at the base
of the haltere acting about an axis at right angles to the moving stalk in the plane
of oscillation; and, further, that whatever the plane of rotation of the fly this is
the only new torque set up. The magnitude and periodicity of the torques at the
base of the haltere differ for different planes of rotation.'" (Ref. 33).
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As a result of his anatomical studies, experiments, and dynamic analysis,

Pringle advances the following hypothesis to explain the function of the halteres:

(1)

(2)

(3)

(4)

(5)

(6)

"The halters of Diptera are organs of special sense giving

an indication to the fly of rotations in the yawing plane.

""The discharge of impulses in the haltere nerve is inter-
preted as indicating a turn to the left or to the right
according as the impulses from the basal plate sensilla

precede or follow those from the large chordotonal organ.

"The impulses from the dorsal and ventral scapal plate
sensilla serve to measure the amplitude of the haltere
oscillation and, by reflexly inhibiting the contractions
of the haltere muscle, preserve a constant amplitude of

oscillation.

"The rate of rotation in yaw is indicated by the relative
timing of the impulses from the basal plate sensilla
those from the large.chordotonal organ, and also by
their intensity (i.e. number of sensilla excited). If
there is no separation in time, a simultaneous increase
in intensity of both will have no effect. Slight malad-
justment of the organ so that both groups are excited

in the absence of rotation will therefore not be inter-

preted as a turn.

"For a given direction of rotation the two halteres will
be oppositely excited; the indications must therefore be

interpreted in opposite sense,

'"Pitching and rolling rotations are not interpreted as
turns owing to differences in the timing of the impulses,
Since the haltere system is fundamentally incapable of
distinguishing between pitching and rolling rotations,

it is difficult to see how it can give useful indications

in these planes." (Ref. 33).
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In general aerodynamic terms, the fly probably shows what is known as
"'spiral instability''. Any slight inequality in the force produced by wings of
opposite sides will generate a rolling and yawing moment which, if not immedi-
ately corrected by some reflex mechanism, will lead to a spin (Ref. 33). The
evidence suggests that the halteres mechanism provides the means for such a
reflex correction.

The gyroscopic system represented by the halteres mechanism is striking
in its elegance. However, its most interesting feature from the point of view of
this study may be the form in which its data are presented to the insect. The
fact that yaw rate is represented in part by the relative timing of pulses suggests
that the insect has a capability to process information with pulse -position coding.
This implication, together with the very small size of the processing system,
makes the associated neural networks appear fully as interesting as the mechani-

cal features of the gyroscope itself.

3.4 Sound and Vibration

The distinctions between sound and vibration are not universally drawn,
nor will an attempt be made here to delineate them. If a rule-of-thumb is
desired, it is convenient to separate sound from other vibratory phenomena on
the basis of the transmitting medium, i.e., to say that vibrations transmitted
through the air are sound. Such a distinction is adequate for the present pur-

poses.

3.4.1 The Ear

Descriptions of the anatomy and physiology of the ear of the human and
many other species abound in the literature (e.g., Refs. 1, 2, 14, 34, through
38). Therefore only a general description and some points of interest are pre-
sented here. The human ear will serve as the basis for these remarks although
its fundamentals are shared with the auditory organs of many species.

The ear may be couniidered functionally to consgist of two main elements:

a transducer and an impedance -matching device. The transducer, which
converts the sound waves into nerve impulses is called the cochlea, The

remainder of the auditory mechanism, consists of the external ear (auricula),
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eardrum (tympanum), auditory canals, and a delicate sequence of bony
compoaents. The function of these latter components is to match the acoustic
impedance of the cochlea to the ambient air, thereby transmitting the pressure
variations from the air to the cochlear fluid with little energy loss.

The cochlea is a spiral canal which is described by Pest and Taylor as
follows:

"The canal makes 2 3/4 turns round a central pillar of bone called the
modiolus. The smallest turns of the cochlea are at its apex. A ledge of bone
winding around the modiolus like the thread of a screw-nail divides the spiral
canal incompletely into two parts. The partition is completed by a membranous
structure ~the basilar membrane —which extends from the tip of the lamina
spiralis ossea to the center wall of the canal. A second membrane ~Reissner's
membrane -~stretches from the upper surface of the bony lamina to a point a short
distance above the outer attachment of the basilar membrane. The original
osseous canal is divided in this way into three spiral compartments or galleries
(Fig. 3-13). The gallery below the basilar membrane is called the scala tympani,
the one above Reissner's membrane, the scala vestibuli, while the one enclosed
between the two membranes is known as the scala media, the cochlear duct or
the membranous cochlea. The membranous cochlea is filled with a fluid known
as endolymph, while the osseous canals, i.e., the scala vestibuli and scala
tympani, are filled with perilymph. The scala vestibuli and scala tympani com-
municate with one another at the cupula of the cochlea through a small aperture
called the helicotrema. The scala media ends here as a closed sac, but its
basal extremity communicates with the non-auditory labyrinth through the canalis
reuniens or duct of Hensen."

"The auditory receptors. The gsensory cells together with sustentacular
elements constitute a structure known as the spiral organ of Corti, his lies
within the scala media, occupying the inner half or so of the basilar membrane.
It presents towards its inner part two rows of elongated epitheliai elements of
peculiar shape —the inner and outer rods (or pillars) of Corti-which stand with

their expanded bases planted upon the basilar membrane. The bases of the rods
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of the two rows are separated by an interval, but above the membrane their
bodies incline towards one another and, meeting at an anzle, their extremities
fit into one another in a manner much as one clasps a fist with the other hand.
They form by this arrangement, a triangular tunnel whose floor is covered by
two nucleated scraps of protoplasm which actually are the undifferentiated parts
of the cells from which the corresponding rods have developed. The arches of
Corti increase progressively in height from the basal to the apical turns of the
cochlea.

""The hair cells are the essential sensory elements. They are seen as
four rows of short columnar cells, oune row lying on the inner side and three on
the outer side of the correspounding rod. The inner hair cells number about
3500; their free ends are in line with the surfaces of the rods, but their bases
extend only half way to the basilar membrane. The free surface of each hair
cell of both inner and outer rows is surmounted by some twenty hair-like pro-
cesses. One or two rows of cells support the bases and inner aspects of the innen
hair cells. The outer hair cells are longer than the inner and more numerous
(12, 000); they are separated from the basilar membrane by cells arranjed in
several rows ~the cells of Deiters -which send slender processes between the
rows of the sensitive cells. That part of the organ of Corti lying on the outer
side of Deiters' cells and the outermost row of hair cells is composed of several
layers of columnar cells —the supporting cells of Hensen.

"The tectorial membrane is a delicate, almost homoygenous structure,
somewhat paddle -shaped in transverse sections of the scala rnedia; it overlies
the inner half or more of the spiral organ. Arising from a point near the base
of the lamina spiralis ossea it ends laterally in an irregularly fringed or scallop-
ed free margin. The hairs of the sensory cells of all four rows are embedded
in its under surface.'" (Ref. 2).

There are various theories of the manner in which sound waves are con-
verted to nerve impulses, and subsequently to the sensations of sound. In
particular, the ability to discriminate both intensity and pitch is not firmly under-

stood. The theories may be divided into:
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1, Place theory

a, resonance

b. traveling wave
2. Frequency theory

The place taeories involve the manner in which the basilar membrane responds
to different sound frequencies; neither specifies the mechunism of end-organ
excitation. The frequency theory does not require the cochlea to respond differ-
entially alony its extent for frequency reception. Rather, the frequency of the
sound wave is presumed to be reproduced in the frequency of nerve discharge,
the cerebral cortex providing the interpretation function. Tnere are many diffi-
culties to the frequency theory and the evidence for the place theory seems
overwhelminy (Ref. 14).

The cochlea represents the most seunsitive of the general class of mechano-
receptors (Ref. 34). The minimum audible energy for the human car is about
10-12' er:, compared to the minimum visible ener1y of about 10'1"‘ ery (Ref. 35).
Its scnsitivity, plus the sophistication of its seunsing aud data processin: mechan-

ism recommend it for considerably inore study in any continuation of the present

survey.

3.4.2 Weberian Ossicles and Swimbladder

The minnow is endowed with a mechanism which is believed to have among
its functions the sensing of vibrations. The swimbladder is an elongated
sausage -shaped organ of two parts ~the anterior and posterior sacs. The organ
is located in the abdominal cavity dorsal to the alimentary canal and ventral to
the verterbral column. At the anterior end of the organ there is a gland, or red
body, which maintains proper inflation of the sac by the secretion or reabsorption
of gas,

Although the swimbladder is considered to be associated with the measure -
ment of pressure, there are features of it that suggest its capability as a vibration
sensor. Evans (Ref. 39) describes a connection between the swimbladder and the
ear as follows:

"The most characteriatic feature of this group (family Cyprinidae) is the

modification of the anterior four verterbrae, often co-ossified and bearing a chain
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of small bones, the '‘‘eberian oasicles, which connect the air bladder with the
ear. The most posterior of these ossicles is attached to the anterior end of the
anterior sac. The physiological significance of these so-called ossicles is still
an unsettled problem.'" (Ref. 39).

Prior to 1915, biologists did not share a common view on the subject and
work was being done on both pressure and vibration sensing. liowever, new
experimental investigations inl915 brought new facts to light. Kuiper destroyed
the ‘' eberian ossicles and noted the reaction of fish exposed to pressure changes,
light alternations, vibrations, and static disturbances (discussed in Ref. 39).
The fish in which the ossicles were destroyed reacted .o all stimuli except
vibration. He then experimented with fish in which the eighth cranial nerve was
cut and found that the fish would respond to light changes but not to vibration
or static disturbances.

Subsequent thinking seems to reflect Kuiper's results. Evans (Ref. 39)
states that, '"The arrangement of ossicles seems peculiarly designed for the
purpose of recording rapidly-recurring movements of small amplitude.' He
also states a second point in support of the vibration capability: " The wall of
the air bladder is capable of vibrating synchronously with rapidly-recurring
sound waves."

The question remains unresolved, but the evidence for a vibration-sensing

function in the swimbladder is substantial.

3.4.3 Latcral Line Systems

Lateral line systems arc found in the cyclostomes, fishes, aquatic larval
sta res of amphibians, ~nd in various Jde rrees of development in some adult
-mphibia. In most fish, the system comprises . scries of mucous-filled canals
enclosin : scnsc or-rans and openin ¢ to the surface at intervals throuch small
pores. Jhese canals cenerally branca considerably in the cephalic recion.
'here is considerable variation witnin the :roup. Somie fish have superficial
orzans in aduition to thosce in tae canal; others n. ve orrans located in shallow
surface ~rsoves rather than in the decper canals. 'mphibians exhibit this

superficial type of sense organ arran-ed in a series of lines.
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i'he weneral structure of the sense orsans, or neuromasts, associated
with the lateral line systems is pear-shaped in cross sccuivn. [he sense cells
arce centrally located and arc tear-shape., taperin; toward the frece surface of
the orxan. iZach cell bears a hair-like proca2ss at its ip. There is a larce
ovold nucleus in each sense ccll, and mitochondria appear to accuinul:te at the
wistal end. The sense orzans are innervated anc supplied with capillarics
throuzh apertures in the scalces.

The canals of the lateral line are filled with jelly-like mucous and are
always in contact with the surroundin: water. rhe {luid in the canal of the
swiminin fish, evoked by the flovs of the externnl medium throu th the lateral
line pores, produces a ciliary bendiny of the sensory cells. This bendinn,
combineu with the deformation of these cells, stimulates tine production of nerve
impulses.

The lateral line systerm is found to be sensitive to vibratory phenomena of
frequencics up to 344 cps (Rel. 30). It is theorized that the lateral line organs

arc receptors in a short-ran e c2uditory system (Ref. 35).

3.4.4 Lyriform Or-an

It has been shown that at least two species of spider have sensitive vibra-
tion receptors located on cach of their 8 legs (Ref. 40). ‘the spider uses this
sense to dectect, and Lo some cxteni identify, objects that come in contact with
its web. His behavioral response to a vibration stirnulus depends upon the
frequency anu auration of the siivaulus and moy corsist of either attack or
escape.

The receptor is tac 1y -ifors crzen, of whiclh o detailed Cescription tay be
foun: in Ref:vunce 41 T is ext-zuely scensitive to vibration, Walcott and Van
vor Kioot (R2f. 40) u2teronined vy o at tae [requ-ncy of its penk sensitivity the
receptor responds to ¢ ..cchiomicol visplacoment [as litle &5 2.3 x 167 T mm.

It was lomonstratel tho dre spiver ie ¢pable of respondin | to wehb vili-ations

ot Treuencies from 400 00 3,007 CH o) ano th il cen distinguisi vibrations at

X

100-7290 cps from those ot fr: juoncics 2bove: ', 1 0) cps. The receptor is also
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. :usitive to airborne sound. Uncder ideal conditions is will respond to a 4, 000
¢n sim.l at a soundpressure of 23 db -- the threshold of tiic hwman ear a2t this
f-cquency is about 3 db (Ref. 4C).

The vibration receptor responds to increasin~ stimulus intensity with an
increasc in the rate of nerve impulses. [he orcan adapts to a continued
stimulus in 20-30 sec, and requires abnut 10 minutes to coinpletzly recover from
the adaptation. The speed of response to a newly-presented stimulus is in the

ran’e of (-15 ms depcndin:; on frequency and intensity of the stimulus.

3.5 Cohnclusion

'i'his section on mechanoreceptors represents a bz jinning of 2 survey of
the ficld, employin~ the ""catelo-in " approach discussed in Section 2. It is
apparent tihct additional effort could be profitably expended in fillin - out the
areas covered, as well as extending the study to new arecas.

The ecar represcnts an example of a sensor ~bout which a great deal of
literature has been written and which offers some interesting possibilities in
at least two directions. First of all, the car is a ruther elegant acoustic device.
Second, the car and its associated neural system is . living information-
processing system, the operation of which is far from being well understood.
The variations in form and complexity of aural receptors among the phyla offer
a broad sourcc of information from which both the acoustic and neural operations
m..y ultimately be deduced.

Another point about mechanoreceptors involves a potential application.
The Navy has for some time becn intercsted in the way that fish arc able to
swim at widely varying speeds without encounterin- the problems of cavitation
that pla~ue boat dcsigners. The vptimum shape of @2 body movin~ through the
water is hichly dependent on the spced of the body. It appears that fish are
able to adjust their shape and manner of locomotion to a degrec sufficient to
meet the cavitation problem. This suggesis a reflex system in which sensors
are able to detect incipient cavitation conditions and effecct a motor response to
correct the situation. It seems quite natural to expect thut a continuation of the
present study into areas rclevant to this question could accelerate a solution to
the problem. This case is one cxample typical of the potential yield of applicable

material within this category which we have not as yet fully explored.
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4. Photoreceptors

Helmholtg is reported to have said that if an optician made for him an
optical system as poor as that of the human eye, he would not accept it. What-
ever the specific geometrical limitations of the eye may be, the total visual
apparatus is undoubtedly a wonderful mechanism.

This study has brought to notice some special features of the visual
sense, which could lead to the development of several new devices.

Several of the remarkable properties of vision are associated with the
visual acuity of the eye. Acuity is resolving power and can be defined in several
ways according to the type of object being resolved. Normally, acuity is defined
as the angular width of the smallestletter of an optician's eyetesting chart that can
be reliably identified. With this definition normal human acuity is about 1
minute of arc (1/3 milli radian). However, this is the acuity at the center of the
field of view, i.e. along the axis of regard. It is easily verifiable that acuity
falls off very rapidly away from this axis. Thus if the eye is concentrated - §.e.
fixated - on oae letter of this text, which subtends 25 minutes at 12 inches, ad-
jacent letters can be discerned omly with difficulty, and those 4 or 5 places away
are virtually unidentifiable. It is well known that in reading, the axis of regard
is made to scan over the lines of text, so that the poor acuity away from the axis
is no handicap. In fact it is an asset, since if we were able to resolve all the
detail on a page without having to direct the axis of regard, the mind would be
swamped with information. It is, of course, no accident that our reading and
writing techniques are matched to the acuity characteristics of the eye and to the -
maximum data handling capabilities of the brain.

Although it is well known that our attentiom must scam a page of text ia
order to read it, it is perhaps not so widely appreciated that the scanning process
is accomplished, esseatially, by precise mechanical scanning cf the optical axis
of the eye over the page. The impression we get, however, is that the total
visual impression is available all the time and that we merely direct our attention-]

a purely mental function - at each letter or group of letters. It is this illusion
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which allows us to believe that the eye presents the brain with a vast panoramic
high definition picture. In fact, as will be shown later, the effective retimal
image averages out to be equivalent to a relatively low definition picture.

The acuity of the eye, as a2 function of angular displacement from the
axis of regard, has its physical origin in the structure of the retina (Figs. 4-1
and 4-2). The photoreceptors - rods and cones - are located in the retina. In
the central portion -~ the macula - most of the receptors are connected to the
brain through individual nerve fibers. At the very center of the macula - the
fovea - virtually all receptors have a 'private lime" to the brain. Elsewhere in
the retina groups of photoreceptor cells are parallel comnnected to a single nerve
fiber. The photoreceptors represent in some way a “grain» structure in the
visual image, so that acuity must necessarily fall off away from the fovea.

Because acuity is so sharply concentrated at the fovea, the oculomotor
apparatus that controls the orieatation of the eyeball, relative to the head, is a
most important part of the total visual mechaniam. A great deal of spatial
information is obtained directly from the oculomotor apparatus; we have the
impression of knowing in great detail the physical structure of the room in which
we are sitting, yet in any one position of the eyeball only a very small part of
the visual scene can be observed with any sort of detail. Thus, large scale
detailed spatial information cannot come from the retina alone. '"Normally,
information comcerning the positions of objects in space is to a large extent de-
pendent upom proprioceptor impulses arising in the ocular muscles. When, for
example, we look at an object straight in front of us an image ﬁlls upon the
macula of each retina. When we look at an object to one side the eyes are turned
so that the images fall again wpon precisely the same areas - the maculae. The
actual position of the object - whether in front or to ome side - is made knowna to
us by afferent impulses set up in the muscles as they turn the eyes into position.
Such impulses serve also as a basis for the nice correlation between visual
sensations amd various body movements. When, as a result of paralysis of
certain muscles, the eye does not move with the sound eye, the impulses arising
in the muscles of the latter convey the impression, nevertheless, that such a
movement has taken place. Let us say the outward movement of the right eye is

4-2
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paralyzed and the left, sound eye, is covered; when the latter turns to the right
the patient believes the paralyzed eye does so to the same degree. The image
in this eye, which continues to look forward, falls upon the nasal side of the
retina. Since earliest experiences have taught him that an image falling upon
the nasal part of the retina when this eye is rotated outwards represents an
object well over to the right, he falsely project the image into this position, and
makes the appropriate movements of the hand imn an attempt to touch the object'.
(Ref. 1).

In addition to the conscious motion of the eye and motions in response to
external stimuli, there are several small involuntary motions which are essential
for vision. Recently ways have been found of stabilizing the image on the retina
in spite of the involuntary motion of the eye and then, it is found, the visual
conscious impression quickly fades out (Refs. 2 and 3).

In recent years very precise techmiques have been developed for the
measurement of eye motion - a subject referred to here as oculometry. These
techniques have, so far, apparently oaly been applied to physiological and
psychological research, the equipment involved has not been developed or engi~ -
ncered beyond the laboratory stage. There appear, however, to be numerous
useful applications in other fields. '

The reason that oculometry appears so fruitful a field of exploitation is
that it allows a simple and effective 'tap' to be made into one of the most
important human sensory input channels. It is probably unique in this respect -
i.e. connection to an input sensory channel will usually involve the surgi:al {m-
plantation of electrodes, and the data obtained may be subject to ambiguities
arising from such effects as adapt-tion.

Whenever a man is made part of a machine system - i.e. as an aircraft
pilot, a misaile tracking camera operator, an auti-tank guided missile operator,
etc. - he is almost always included in order that use may be made of his
phenomenal power of pattern recognition. It is this human faculty that cammot be
reproduced by a machine - and yet it is so often required. Thus it is only to be

4-5
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expec ted that many useful applications of oculometry will be found at the man/
machine interface. Oculometry will allow the optimum use to be made of the
superior human faculties without the heretofore, inevitable limitations of the
inferior human faculties - e.g. a man may often perceive a target yet be unable
to move his hamds quickly enough to bring a gun to bear oan it. A machine can

move and orient a gun much better than a man, but a man can pick out a target

under conditions in which it would be impossible for a machine to do so.

Two general types of application of oculometry are discussed briefly
below.

In command control systems, such as for example a wire guided anti-tank
missile, a human operator is required to perceive the spatial relation of missile
and target and then to generate guidance commands with a control stick. As
; already discussed, perception of spatial information stems largely from the
' oculomotor apparatus. Thus the techngiue of oculometry will allow this inform-
| ation to be extracted in the same form, and at the same time, as it is presented to
the consciousness. In this way the sequence, in the normal use of a human opera-
tor, of translating the conscious perception of the spatial situation of missile and
target into control stick motion, is eliminated. It is this part of the human
operator activity that involves learning how to control the missile, and is respon-
sible also for the noise, nonlinearity, inaccuracy and some of the sluggishness of
the human operator. The oculomotor activity involved in both the normal and the
proposed arrangement represents an irreducible minimum of activity for the
human operator as it is essential for perception. It is, however, a very well
practiced (over a lifetime) and highly developed neuromuscular activity. Thought
of as a position servo, it has 2 very good position feedback loop to the brain via
the retini, whereas the position feedback involved in control stick motion is the
relatively crude sense of touch and pressure.

A second general application of oculometry would be to what might be
called HI-FI TV.

Ia the early days of radio and the phonograph people heard musicand voices
reproduced artificially but nobody could then be deceived into mistaking a repro-
duced sound for the real thing. Nowadays, however, sound reproduction can be
almost, if not entirely in some cases, indistinguishable from the real thing.

4-6
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: the eye, and at the same time to maintain its grain structure quality, a band-

We are now able, by means of TV, to see pictures reproduced electron-
ically. However, no one is ever deccived into mistaking a TV image for the
real thing. Ewven if depth of contrast were improved, and the picture presented
stereoscopically and in perfect color, still no one could mistake the stimulus
obtained by sitting in front of the TV set with the real thing.. The essential
limitation of TV, as we know it, is field of view. A TV screen at normal view-
ing distance has a very small angular width. The limitation of such a narrow field
can be readily appreciated by stopping down the eyes to an angle equivalent to a
TV screen at 12 feet. From the point of view of gaining a total visual impression,
it is almost like being blind when the eyes are restricted in this way.

Thus it is clear that to produce a HI-FI TV system, that would be virtually
indistinguishable from reality, a very large angular field of view will be necessary,

However, to increase the field of view of the domestic TV system to match that of ;

width of over 2, 000 mc would be required, compared to the 5 mc of normal
domestic TV.

It is not mecessary, however, to maintain the jrain structure quality over
the whole field of view. As has been pointed out earlier, the acuity of the eye
falls off very rapidly away from the axis. Thus the grain structure of the TV
system can be allowed to deteriorate away from the axis of regard without any
noticeable effect. In this way the bandwidth requiremecnts may be less, by orders
of magnitude, than that even of the present domestic TV system.

In order to make a HI-FI TV system of the type discussed, two things
are necessary:

1) a TV scanning system in which the graim structure is a function of

the angular separation from the central axis of the system.

(2) alignment of the TV camera to be under the sole control of the
observer's oculomotor apparatus. Thus, this HI-FI system can

only be used by one observer per camera.

It is shown later how the techniques of oculometry can be applied to make such a
TV system possible.
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It is emphasized that the design aim could be to produce a TV system that
was quite literally indistinguishable from reality. The illusion would be
complete: no visual impression would be gained of the TV monitor or its surround-
ings. The sole impression would be that derived by am eye located at the TV
camera.

It is instructive to conside~ the implications of such a TV system. It is
well known that our sensual contact with the world is almost entirely via the
senses of sound and sight. The other senses do convey information but mainly
for more or less closed loop functions such as stability, protection from damage,
etc. Our ability to get the "feelt or t"presence" of an environment depends almost
entirely on the sense of sight and sound. Without them we are virtually isolated
from the world, with them we maintain whatever contact our inner comnsciousness
has with reality. The development of a truly HI-FI TV system would thus per-
mit us to experience reality at a distance.

Useful applications of HI-FI TV can be envisaged for thos situations in
which it would prove easier or cheaper to transmit the HI-F1 television pictures
than to physically transport a human being. If sensual impressions identical to
those obtained by being actually preseant can be derived by TV, there seems to be
no logical reason (from the point of view of passive observation) for making the
jourmey. An obvious example, of course, is travel to the moon and planets for
the purposes of exploration. In this case, enormous advantages accrue by seading
expendable TV equipment rather than a non-expendable astronast om such journeys|
However, the delay involved in the round trip communications link -due to the
finite velocity of electromagnetic waves- would probably restrict the useful
range between camera and monitor, to about 10, 000 miles for a truly HI-FI TV
system. Beyond this range an appreciable delay would occur between the observer
moving his eye and the reception at the monitor of the newly orieated picture.
Between earth and moon the delay is about 2 1/2 sec so there can be no suggesiion
that remote TV over this distance could duplicate the visual sense.

The 21/2 second transmission delay to the moon and back is a disadvantage

for a conventional remote TV System, as discussed in Refercace 4. However, by
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accepting this limitation, some form of moon exploration can be undertaken

almost at once. It is shown later that, by using an oculometrically controlled
TV System, a very substantial saving in bandwidth can be effected. This ia

important as power requirements are directly related to bandwidth.

4.1 The Human Eye

From the systems point of view the human visual apparatus may be con-
sidered as comprising: an optical system of which the aperture, focal length, and
axis of pointing are controlled by nervous and muscular action - a photo sensitive
screen, i.e. the retina, on which an inverted optical image is formed of the
scene being viewed - an information transmission system, i.e. the nerve fibers
linking the retina to the brain - and an interpretive mechanism whereby the data
transmitted by the photosensitive elements of the retina is processed to yield
" useful information for the consciousness. This interpretive mechanism is not
i well understood; it is thought to occur in the retina itself to some extent, as well

as in the brain.

4.1.1 The Retina

The retina is the screen at the back of the eye on which is formed a real
image of the scene being viewed. It consists of a number of layers of nervous
elements. As light passes into the retina from the vitreous humor it meets first
an outer layer of nerve fibers that connect the photoreceptors to the brain via the
optic nerve. Near the back, or base, of the retina is the layer of rods and cones
which are the actual photoreceptive elements. These are connected to the nerve
fibers at the upper layer of the retina by various types of neural interconnections.
In the central foveal regiou of the retina cach photoreceptor has its own nerve
fiber line to the brain. At other points on the retina groups of photoreceptors
must share a nerve fiber, and thus visual acuity is reduced. At the center of the
macula- the fovea -the upper retinal layer of nerve fibers thins out, and the rods
and cones are thinner and more closely packed as shown in Figure 4-2.

4-9
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The photoreceptors respond by means of a photochemical reaction involv-
ing the pigments rhodopsin, for the rods, and iodopsin for the cones.

The initial step in the visual stimulation of the optic nerves is the photo-
chemical reaction illustrated im Figure 4.3. The final regeneration of rhodopsin
from vitamin A takes place in the living retina during the dark adaptation period.
Stimulation of the optic nerve is, presumably, effected either directly or indirectly
by the presence at the retinal symapses of the breakdown substances of rhodopsin.

The signals occurring im the optic nerve fibers in response to a visual
stimulus consist of a series of short pulses, the pulse repition rate being pro-
portionmal to the intensity of the visual stimulus. An action potential can be
detected between the retina and cornea, the amplitude of which is related to the
intensity of the visual stimulus. The cones, which are about 28-85 4 long, are
i concentrated in the central part of the retina. In the fovea there are virtually no
, rods. At the periphery of the retina the receptors are virtually all rods which
are about 40-60 u long.

The distribution of rodes and cones in the retina is illustrated in Fig. 4-4.
Accordingz to most texts, the cones function only at relatively high light intensities
and the rods cease to respond above a certain light intensity. At very low levels
of illumination only the rods function. There is a range of intensity over which
both rods and cones function. The light adapted cone vision is called scoptopic and
the dark adapted rod vision photopic. The range of intensities over which the
eye will operate is very large-10°~ and this is explained, according to the duplicity
theory above, partly by the existence of two types of photoreceptors with different
operating ranges, and partly by the large dynamic range of each type.

In another theory (Ref. 5) the rods and cones are considered to be more or
less equally responsive. Calculations quoted in Reference 5 show that there are
not emough quanta available to stimulate each individual receptor, except at the
highest levels of illumination. Thus since cones are chiefly connected singly, or
in small groups, to a nerve fiber, very few cone connected nerve fibers becc.me
active in low or moderate light intensity. The rods, however, are mostly

connected in large groups to a nerve fiber so that rod connected fibers will
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continue to respond even though the number of quanta per rod may be very low.

At the threshold of vision the quantum flux is equal to one quantum per photo-
receptor per 10% secs. At an intensity 10° times this the number is 102per photo-
receptor per second. The summation time of the photoreceptors may be taken

as 0.1 sec, so that even at this high level of illumination only 10 quanta per
summation time arrive, on the average, at each photoreceptor. These figures

do not allow for losses in transmission through the eye or in the photoreceptors
themselves. Thus it is clear that for most of the range of illumination over which
the eye operates the actual origin of the visual stimulus is a photochemical reacﬂo+
involving only a very few quanta.

This theory explains the relationship bctween acuity and illumination, in
effect, by asserting that human visual acuity approaches the limit set by the
quantum nature of light energy, the size of the pupil of the eye, and the auxnmation;
time.

In both theories the visual action changes from cones to rods as illumin-
ation is decreased, thus explaining color blindness at low illumination.

Many theories of color vision have been advanced. However, it is known
that it is the cones that are color responsive. A recenat theory (Ref. 6) has
suggested that the individual cones act as optical wave guides to produce standing
waves, the spatial pattern of which is a function of the color. Thus, color
discrimination could be due to a spatial pattern in the nervous stimulation
mechanism within each cone, and not to the pres ence of several different types
of photochemical material.

The acuity of the human eye depends to some extent on the type of object
being resolved. In Figure 4-5, the grating, vernier and lime acuities are shown,
together with the diffraction pattern of a point source, and an indication of the
size of the individual photoreceptors. It can be seen that the aize of the photo -
receptors is reasonably related to the diffraction pattern, and that the grating
acuity corresponds to both. However, the single line acuity is considerably
better than might be expected. It was thought at one time that the small invol-
untary motion of the eye was the mechanism by which this fine detail was resclved
by the eye. However, experiments have been reported (Ref. 7) which tend to
disprove this theory.
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It has been pointed out that the considerable length of the cones poses a
difficulty in understanding visual acuity since a point image - actually the diffrac-
tion pattern of a point i.e. a circle about 5 u in diameter - may be produced by a
cone of light up to approximately 20° angular width. Thus after traversing the
length of a cone - a distance of about 60 | - it would be expected to cover a circle
of diameter of about 20 u (Fig. 4-6). A tunneling theory has been proposed to
explain why this does not happen. It is postulated that the refractive indices of the
cone and the medium in which it is situated are such that the 20° cone of light is
captured and confined to the cone by total reflection at the walls. The theory
involves the t:pering of the cones, indis ible toexplainthe Stiles and Crawford effect
namely the reduction in the sensitivity of cones to light entering the pupil near
its edge, compared to that entering in the center of the pupil (Ref. 8).

The highest acuity of the eye is concentrated very sharply at the fovea,

. as indicated im Figure 4-2. It has been claimed that a drop in acuity can be
detected only 3.5 minutes of arc from the center.
There are estimated to be 120 million rods and 6 million cones in the

retina and one million nerve fibers in the optic nerve.

4.1.2 Optical System

The essential features of the optical system of the human eye are shown in

Figure 4.7.

4.1.3 Oculomotor Apparatus

The acuity in human vision is concentrated very sharply at the center of
the eye. Little published data on peripheral acuity has beea found, In Figure 4.8
the data taken from Reference 8 giving the acuity out to 1° has been extended by
some approximate subjective measurements. The peripheral acuity is so poor
that our visual sense depends very considerably on the oculomotor apparatus.

The eye is rotated in its socket by muscular action in respoase to command*
from the comscious and subconscious conters of the brain. In addition to reflex
responses there are three involuntary motions of the eyeball which occur when the
eye is steadily fixated on a test point (Refs. 9 through 13):
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1. A very small continuous tremor at 40-100 c.p.s. of amplitude
between 10 and 20 seconds of arc.

2. A slow steady drift of up to about 5 minutes of arc in 0.1 to

0.3 seconds.

3. A sharp flick or saccade of about 5 minutes of arc every 0.1 to

0.3 seconds.

During a steady fixation the total integrated motion of the eye is hardly
ever more than about 10 minutes of arc.

These involuntary eye motions during steady fixation have been the subject
of considerable research. One of the most remarkable discoveries has been that
they are essential for the continued generation of a conscious vigual stimulus.
Several methods (Refs. 2 and 3) have been found of stabilizing the image on the
retina so that although the eye may move, the image remains stationary. It is
found that under these conditions the visual conscious sensation rapidly fades
out. Im one series of experiments (Ref. 3) the converse of stabilizing the retinal
image i.e. arranging for it to move twice as much as im normal vision, was
undertaken. It was found that a marked improvement was obtained in the acuity
for periods of fixation of 1 sec. or more. Moreover, under these conditions of
viewing » the impression was that the target was 'locked in place' so that steady
fixation was effortless, automatic. It may be noted that in this condition the
usual cues for fixation are exaggerated. The eye muscles are provided with
double the normal feedback from any drifting of the image away from optimal
fixation" (Ref. 3). For periods of very short fixation, less than 0.2 sec, the
best acuity is obtained with the retinal image stabilized. In any viewing condition
it takes about 1/2-1 sec for maximum acuity to develop.

It is possible to experience something of the effect of the fade out of the
visual field due to a stabilized retinal image without any apparatus. If a bright
point, such as a star, is fixated under conditions of very low illumination of a
smoothly textured background, it will be found that the visual field begins to fade
in a second or two, but comes back suddenly, apparently as fixation is lost.
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It has not been established whether the involuntary motion of the eye serves
any purpose other than to prevent this fade out. It was believed at one time that
the high acuity of the eye relative to the cone size, was due in some way to this
motion. Only one report (Ref. 10) has been found of research into involuntary
eye motion in animals: in this case it was a cat, in which such motion was
observed.

There is evidence (Ref. 14) that the small tremor and slow drift of the eye
are effects due to a slight instability im the neuro muscular feedback system of
the oculomotor apparatus. The saccades, oa the other hand, are apparently
triggered by the magnitude of the displacement of the retinal image due to the
other two motions; i.e. it is an unconscious attempt to improve acuity.

In binocular vision both eyes follow each other, in a fixation, to an accuracy
! of about 10 minutes of arc, which is comparable to the individual involuntary
motions of each eye. The slow drift and tremor in the two eyes are uncorrelated.
The overall correlation is achieved by the saccadic motion which is strongly
correlated between the two eyes. The maintenance of binocular fixation does not
seem to be dependent on a direct response to, or sensing of, vergence error.
Rather it appears to be dependent on the saccadic responses of the two eyes to
their own fixation errors (Ref. 11). It has been shown that involuntary eye
motions are not important for the perception of depth in stereoscopic vision
(Ref. 15).

The saccadic flick motion of the eye initiated consciously to change the
fixation point, has a latency of 0.2 second and a maximum speed of up to 500° /sec.
for large movements and 100- 200°/sec. for small movements. In smooth pursuit
motion the latency is again 0.2 sec. The maximum speed of smooth pursuit is
between 30 and 60°/sec. A reduction in acuity is observed in viewing moving
objects: at a speed of 100°/sec. it is halved. It is postulated that this is caused
by a reduction of intensity gradients due to inadequate tracking by the eye. In
general, acuity in observing moviag objects can be improved by using higher
levels of illumination (Refs. 9, 16).
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4.1.4 The Information Content of the Retinal Image

The information content of a picture can be taken as the product of the
number of ''grain' elements of which it is composed and the number of bits of
information per grain element. The latter quantity is related to the effective
overall signal/moise ratio and is apparent as the depth of contrast in the picture.

The grain structure of the retinal picture is obviously dependent on the
acuity of the eye. As discussed previously this is not uniform over the whole
field of view but is concentrated sharply along the axis of regard and falls off
towards the periphery of the visual field. Little published data on peripheral
acuity has been found. In the course of this study, some approximate measure-
ments have been made of human acuity as a function of angular displacement from
the axis of regard. The results are plotted in Figure 4-8 which also contains
data taken from Reference 7 on the acuity/angular-displacement relationship wnthxq
1° of the axis of regard. As plotted in Figure 4-8, acuity has been taken as the
' angular width of a just discernible test letter.

An empirical functional relationship has been determined between acuity

(e, in minutes) and angular displacement (6, in minutes) from the axis of regard:

a ~ 1+0.0353 0 0 < 8 <100
a ~ 10 %% g3 . 100 < ©

An approximate value for N, the number of separately resolvable grain
elements in the entire visual field can now be deduced. The area of a sphere of
unit radius that lies between 6 and 6 + do of the central axis is 2 v sin 6d 0 (Fig.
4-9). The area of the least resolvable detail is 1—2-1 , thus dN, the number
of grain elements between 0 and 0 + d 0 from the central axis, is given by
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dN ~ 2wsin ©0do . 86d0
a?l a?
T
Thus N = 8 ( 0dy
. a?

where suitable limits must be given to the integral.
The number, N _, of grain elements in peripheral vision further than 100

minutes of arc from the axis of regard is given by;

4 10
_ 222
N ~ 8 ( 104 g de
p 10?
1-22 ¢ IO,
- =8 105°% [ o~ ]
1.22 loz
o 8 5 44 _ 244
N T3 10 10
8 3
= —1—2-2— 10 = 6, 500

The number Nf of grain elements in foveal vision within 100 minutes of arc

of the axis of regard is given by

100
s (

o

0d 0
(1+0.0350)2
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_ 8 | ( (140.0350)d00.035 _ ( 0.035d86
(0.035) 2 Lo (1+0.035 0)2 ‘o (1 +0.0350)2
- 6,540 | logg (1 +0.035y) + 1 150
(1+0.03590) |o

6, 540 [loge 4.5 + 1/4.5 -1}

6, 540 ., [0. 25 jl

1, 830

The total number, Nt’ of resolvable elements in the visual field is thus

4
N = N_+N = 8300 - 10
t f P

These calculations are approximate and intended only to give an estimate of
the order of magnitude involved. Since the eye can actually distinguish a test
letter when it subtends an angle equal to the acuity, as here defined, there may be
perhaps 10 elementary grain elements in what has been taken as the smallest

resolvable area, W4° . Thus the total number of clementary grain elements .

in the retinal picture is probably of the order of 105,

Assuming that the retinal image is transmitted to the brain directly, with-
out significant breakdown or processing by the retina, this figure of 105 effective
grain elements agrees reasonably well with the number of nerve fibers, - 106 - {n
the optic nerve. Several factors can be postulated as beimg responsible for the
10: 1 ratio of nerve fibers to grain elements.

It is comceivable that there is more than one fiber per unit element, here
defined, - possibly because the peripheral acuity may be limited by optical de-
fects rather than grain structure, and also the method of transmitting color
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information to the brain from each cone may involve multiple nerve fibers rather
than a complex modulation process- as in domestic color TV - within a single
fiber. It is also possible that the peripheral acuity has atrophied, due to lack of
use, and could be improved with practice.

Allowing 4 bits of information per elementary grain element (i.e. 16
brightness levels) and a picture repetion rate of 5 per second, it can be seen that
the information flux at the retina is probably of the order of 2 million bits per
second. The information flux to the consciouness is, of course, very much less
than this, suggesting the existence of some form of mental scanning of the data
available at the retina, similar to the mechanical scanning by the eyeball.

It is very likely that considcrable data processing of the retinal image is
performed by the retina itself. In this way the information flux along the optic
nerve may be less than the figure of 2 million bits / second indicated above.

4.2 Animal Eyes

4.2.1 The Frog

The frog's eyes move to compensate for body or head motion, but not
for seeking out points of interest in the visual field as does the human eye. The
retina does not have a central area of high acuity.

The frog does not appear to see stationary detail. It is said that he will
starve to death if surrounded by stationary food. Recent investigations (Ref. 17)
have de monstrated that the photographic image as detected by the rods and cones
is subject to logical operations in the retina before transmission to the brain.
The meural sequence is: photode tection by rod or cone - complex synaptic
connections (within the retima) to the gamglion cells - transmission over the
optic merve fibers to the brain.

There is a synaptic path from each ganglion cell to many rods and cones
and vice versa. These connections are such that each ganglion cell responds to
a particular pattern in a part of the retinal image field. There is extensive
overlapping of the retinal areas that activate each ganglion cell.

Five classes of ganglion response have been described. These are, in
terms of the retinal pattern-
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1. sustained edge detection

2. convex edge detection

3. changing contrast detection
4. dimming detection

5. darkness detection

The five classes of ganglion cells are uniformly distributed across the
eighth layer in the retina.

It is apparent that the function of the retina in the frog is not to transmit
information about the point to point pattern of distribution of light and dark in the
image formed om it. Its fumctiom is rather to analyse the image at every point
in terms of a few qualitative contexts (stamding edges, curvatures, changing
contrast, and local lessenimg of light intensity).

4.2.2 Arthropod Eyes

The eyes of most arthropods consist of one or more units - ommatidia ~
each of which each is a vertical bundle of cells over which is formed 2 lens. An
ommatidium is illustrated in Figure 4-10. A true compound eye is composed of
a number of ommatidia - each one with its own lens systemm. In most compound
eyes the pigment flows up and down the ommatidia according to the light intensity.
In dim light it is retracted to leave tha sides of the ommatidium exposed, in
bright light it extends to optically separate the whole ommatidium.

Visiontakes place intwo ways according to the situation of the pigment. In
bright light the pigment ensures that a aarrow pencil of almost parallel rays falls
on the retinula. There is formed in this mosaic vision, an apposition image,
composed of as many points of light as there are ommatidia. In dim light when
the pigment is retracted, each ommatidia throws a complete image of the greater
part of the fleld of vision onto the retimal layer and the images together form a
supposition image, falling in such a way that corresponding points are super-
imposed. Supposition images are less sharp than apposition images but are
formed with less loss of light.
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4.3 Applications

4.3,.1 Photodetection

4.3.1.1 Sensitivity of the Human Eye

Consider the eyc viewing a screen which has a brightness of one lambert.
Assuming a reflection factor of unity, one square meter of the screen radiates
one lumen. Thus an element of detail of area A of the screen will give rise to a
light intensity of -—‘:— cos 8 candles, in a direction making an angle 8 with the
normal to the screen. Let the eye be placed a distance r from the screen and
directly uver this element A of detail, so that the detail subtends an angle a at

the eye (see Figure 4-11).
. = -l 2
. A = I (r a)

Let d be the pupil diameter of the eye; then the light flux enteriny the eye is

r d? 1 arte? _ 2 q2
7 EET —7 = lumens

Assume d = 3mm = 3 x 10-3m
¢ = 2 minutes = 1/1800 radian
Therefore, 6
flux = 2x10 A 6= 8.7 x 10-14 lumens
32x1.8 x10

At « wavelength of 5600 A a flux of 2.42 x 10.lb lumens is equivalent to a flow
of 1 quantum per second.

Therefore, at a brightness of 1 lambert, detail of 2 .ninutes of arc angular
width irradiates the eye with a flux of 3.0 x 102 quanta/second. The summation
time of the eye is approximately 1/10 of a second, thus the basic physical stimulus
at this resolution is caused by a packet of unly 36 quanta. (It muay be noted that
this calculation agrees well with the results previously quoted from Reference 5).

The brightness level chosen for this calculation - i.e., 1 lambert - is about
in the middle of the human visual range. The outdoor illumination in sunlight is

of the order of 100 lumens/square neter (giving a brizghtness of 100 lamberts for
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in ideal white diffusing surface). Desk work usually requires about one to two
lumens per square meter. The threshold of vision is 1t :bout 10°3 lumens/square:
meter.

The optical efficiency of the eye is fairly poor (1% - 10%) - i.e., most quanta
incident at the eye do not succeed in triggering the photochemical neural response.
It is clear therefore that the rods and cones must be effectively stimulated by only

a very few,possibly individual,quanta.

4.3.1.2 Photomultiplier Tube Sensitivity

The photomultiplier tube can be taken as an example of a very sensitive
(inanimate) detectcr of visible radiation,

It consists of a photoemissive cathcde situated near a number of multiplying
anodes. The purpose of these anodes is to multiply, by the m:echanism of second-
ary emission, the flow of electrons from the cathode. The multiplication factor
that is achieved in commercial tubes is of the order of 10,

As in any device, the effective sensitivity of a photomultiplier tube is limited
by noise. If the phototube had no built-in amplification (i.e., electron multiglica-
tion), but was instead coupled directly to 2 vacuum: tube amplifier, the limiting
noise would be either the thermal noise of the input impedance of the amplifier
(i.e., the load impedance of the phototube) or else the shut noise in the first stage
of the amplifier. However, by using electron multiplication in the phototube itself,
the phototube output signal level car be raised well above the inherent noise of any
succeeding amplifying stages. With this arrangement the limiting noise becomes
the shot noise associated with the dark currcnt of the phototube. The dark current
is due principally to the therniionic enission of electrons fromn. the photocathode
that cccurs even when no lizht falls upon it. (Shot noise is the statistical variation
of an electric current arising from its discrete - rather than ccntinuous - structure
of inuividual electrunic charges).

The characteristics of the Dumont type 6467 photomultiplier tube are given
below, in abridged form, as an exaraple of a commercially available photomulti-

plier tube.
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Spectral Response 3250 A - 6125 A
Cathode luminous sensitivity 60 u A/lumen
Anode luminous sensitivity 12 A/lumen
Anode dark current .05 uA
Current amplification 215, 000
window diameter 1 inch

The cathode dark current is .05 <+ 215, 000p A, i.e.,2.33 x 10-13 A. Thus

the dark current shot noise is 2quivalent to a cathode current of:
/z x1.6x10 "7 x2.33x10°

2.72 x 101 amps for one cycle bandwidth

106
X 5 lumens, i.e.,

i =, 2ei 19 13
rms \

This corresponds to a cathode illumination of 2.72 x 10-16

4.55 x 10.lZ lumens for one cycle bandwidth. Over a 10 cps bandwidth (corresponds
ing tc the 1/10 second summation time of the human eye) this figure would be

.4 x lD-u lumens. It represents the limit of detectability since a light signal
below this value would be swamped by the shot noise. Thus this phototube is about
160 tinies less sensitive than the elementary photoreceptors of the retina.

If a photomultiplier tube is cooled (say to 70°K) the thermionic emission
from the cathode can be reduced by a factor of 10 . This would reduce the dark
current shot noise by a factor of 103 and thus increase the effective sensitivity of
the tube to 1.44 x l().14 lumens over a 10 cps bandwidth. This is about 6 times
the sensitivity of the eye. However, at this extreme sensitivity - virtually at the

guantum limit - other effects, not here considered, may become significant.

4.3.1.3 The Significance of Size

The very small size of the rods and cones allows the resolution of a large
amount of detail by an eye that is small, light, and requires very little power to
operate it or to move it in its socket. It is postulated that the apparent invulnera-
bility of the eye to thermal noise - that limits the performiance of a photomultiplier
tube at room temperature - is also attributable to the very sn.all size of the
individual rods and cones. In a photomultiplier cathode there are a large number

molecules and electrons (all subject to thermal disturbance) and yet when the tube
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is operating at very low light levels there are only a few quanta available for
stimulating photoemission. Thus it is to be expected that the ratio of photon-
stimulated to thermally-stimulated electrons will be very low, If the cathode is
made smaller, the number of therinionically emitted electrons will decrease
while - up to a point - the number of photo-emitted electrons (for the same light
flux) will be the same. Thus in the case of photoemissive surfaces at least, it
would seem that the significance of thermal noise effects - from the point of view
of detecting a given light flux - would be proportional to the size of the cathode.
Although the mechanism of photodetection in the retina is quite different, it seems
plausible that similar considerations apply, i.e., that the signal to noise ratio is
related inversely to the size of the photodetectors. It may be noted that an image
orthicon TV camera is a fairly close analog of the eye - in terms of size, number
of grain elements, and sensitivity. In this camera tube the basic photodetectors
can be considered as the very small elements of the photosensitive screen corre-
sponding to the grain size of the TV picture.

It seems that the sensitivity of the eye, although probably superior to most
inanimate detectors, is not unique and can be approached and duplicated if neces-
sary, although in equipment larger and generally less convenient than that of the
eye. As suggested above, the duplication in inanimate equipment of the extremely
small size of the rods and cones and their interconnections may represent an
approach to fully duplicating all the good features of the eye - e. 3., high sensiti-
vity at room temperatures, small size, low power consumption, etc.

There are several other aspects of the visual photodetecting system that

may be considered for future exploitation,

1. The photo-cheniical-electrical process associated with the

rods and cones:

a. with the actual chemicals rhodopsin and iodopsin
b. with other complex chemicals.
2. Mass connections to the individual photoreceptors in a pattern

detector, by electrounic wires or '"neuristor" wires, This is
in contrast to the time division scan over all the elements by
a single beam, as in the imnage orthicon TV tube.

3. Data processing of the detail in an image before transmission,
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The type of benefits to be looked for as a result of this kind of exploitation

are the development of visual light and pattern detectors that:

1. are light, compact, very sensitive and require little power
to operate.

2, are adaptable over a wide range of illumination.

3. are capable of extracting useful information about the pattern

being observed.
This is particularly relevant to the very pressing need for autoniatic character
and script recognition devices. The absence of such devices is a serious bottle-

neck in the utilization of even existing electronic dat: processing equipment.

4.32.2 Oculometry

4.3.2.1 The Techniques of Oculometry

A considerable amount of work has been done in recent years on the develop-
ment of techniques for the measurement of the urientation of the axis of regard
(Ref. 9). All the work described in the literature, so far discovered, pertains to
devices constructed for the purposes of physiological and psychological research.
The equipment produced for these purposes.has, in the main, unly been suitable
for laboratory experiments.

The following are the principal techniques of oculometry:

I. Electro-oculometry (Refs. 18, 19). A small potential difference exists
between the cornea.and retina of the eye., The effect of this potential difference
spreads out into the surrounding tissuec and can be detected by electrodes placed
on the skin near the eyes. As the eyeball rotates, the orientation of the dipole axis
changes and the voltage measured by the electrodes changes correspondingly. The
scnsitivity is of the order of 20 pv/o. The accuracy of the system, limited
principally by spurious skin potentials, is said to be about 1°,

2. Corneal Reflection. The curnea is a nearly spherical surface of radius
about 6 mm. The center of rotation of the eye is about 13 mmm. fron: the surface of
the cornea (Fig. 4.7). Thus rotation of the eye will cause an image reflected in
the cornea to move. However lateral motion of the eye - for example due to

lateral motion of the head - will also cause the imiage reflected in the cornea to
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move. In fact, a lateral displacement of only 0.0l mm. 1is said to produce an
effect equal to a pure rotation of 8 minutes of arc. Thus even with the most rigid
clamping of the head, the system cannot be considered very accurate.

3. Contact Lens Reflection (Ref, 20). By fixing a plane mirror on a contact
lens and projecting a collimated beam of light on to it, ima_ze motion is obtained
only by rotation of the mirror - and hence the eye. Lateral miotion of a plane
mirror does not deflect the iniage of a cullimated bean.. This method is extreme-
ly sensitive, a displacement of one second of arc can be detected. Slippage of the
lens over the eye is said to occur during large motions of the eye.

4. Photoclectric (Ref. 21). In this method an image of the edge of the iris
and part of the cornea is projected onto a slit behind which is a photocell, As the
eye moves, the relative aimmounts of the images of the cornea (light) and iris (dark)
falling on the photocell changes. Thus the output of the photocell is proportional
to eyeball rotation. The whoule apparatus has to be clamped to the head. The
accuracy of the system is said to be about 15 minutes of arc.

5. Retinal Observation (Ref. 22). All other methods of cculometry measure
eyeball rotation. This method dircctly measures the displacen:ent of the retinal
image relative to the retina, which is usually the actual measurement that is
required. Although the motion uf the retinal image is largely determined by eye-
ball rotativn, the possibility of other intra-ccular cffects on the position of the
image cn the retina cannot be ignored if great accuracy is to be obtained.

In the retinal observation method an external image is forined of the blind
spot of the rctina where the optic nerve enters the eye. Blcod vessels stand out
clearly against the background and are used to activate a photoclectric device.

As the image of an external scene on the retina moves uver the retina, the image
of the retina will move relative to the external scene. This motion is detected by
the photocell. The accuracy of the equipment described in reference 20 is stated

as being of the order of 10 seconds of arc, over a range of about 4° of eye motion.

4.3.2.2 Applications of Oculometry

Human visual acuity is concentrated sharply around the axis of regard and
consequently the oculomotor apparatus of the eye -~ a precise servo control systen-
is a very important part of the visual sense; it is particularly important in the

perception of spatial relations,
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These facts suggest that,

1. spatial information derived by the visual sense can be extracted
from a human, or animal, by the technique of occulometry.

2. a TV system may be constructed in which the grain size matches
the visual acuity of the eye over its whole angular range. The

result would be a practical system of HI-FI TV,

These general possibilities and others are developed in the succeeding parts
of this section.

The systems described for the various applications involve interconnections
of an oculometer (ARD - axis of regard detector); a device to control the orienta-
tion of the optical axis (VOA - variable optical axis); and a zoom lens (VM -variable]
magnification).

Of these three devices only the ARD is discussed in detail in the later
sections as the other two involve no new principles.

The VOA unit will be required to operate over a field of about 90° corre-
sponding to the possible range of motion of the eye. It must be capable of follow-
ing the fastest motion of the eye to within 1° (assuming a 1° dynamic range of the
oculometer). Thus it must be able to attain a rate of rotation of 500°/sec. in
1/500 sec. This corresponds to an angular acceleration of 250, 0000/s¢:c.2 or
about 4, 000 radians/sec. 2. Assuming that the VOA unit is siinply a rotatable
mirror of 1 0z. mass and a radius of gyration of 1/4 inch the torque needed to

attain this angular acceleration is,

_ 1 1 1 1 3
1 1 1 ,
= — 4x103 in ogs.
2.2 12 42
x 1 _1}.6_ 103 % 0.€ in ozs.
102

which is evidently quite feasible.
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4.3.2.2.1 Command Control Systems

Some weapon systems, and their guidance units, are auton:atic while in
others a human is "built in'" as an integral part ¢f the system. For example, oncel
it is fired, the Sidewinder missile is automatic, whereas the SS-10 anti-tank
missile must be controulled by a human operator throughout its flight. It is
instructive to consider the reasons for including a human in any weapon system.

A human operator is used to control an anti-tank missile because a reliable
method of automatically identifying tanks, against the normal battlefield background,
has not been found. Compared to a tank on a battlefield, an airplane in an empty
sky stands out "like a sore thumb', and it has proved relatively easy to develop
an automatic means of identifying a plane and thus mechanizinz an automatic
missile guidance system.

Although it seems difficult for an automatic device to recognize a tank as
compared to a plane, a human does it relatively easily, The reason, of course,
is that the human brain performs the detection function by using its phenomenal
power of character and pattern recognition, and not by a simple "yes-no'" quality,
as does an IR or microwave guidance system.

The magnitude of the character or pattern recognition power of the human
‘brain can be appreciated by attempting to formulate a computer system to simulate
even one aspect of it. For example, we are capable of recognizing, in a fraction
of a second, any one of possibly thousands of our friends and acquaintances should
they pass by in a busy city street., Presumably the brain must be constantly
attempting to correlate the observed visual patterns with the contents of the visual
memory. Such a capability is clearly well beyond the present state of computer
technology.

It is evident that the use of a human in the SS-10 weapon system is in fact
an example of the use of a biv-sensor - in this case the human sense of pattern
or form. However, in the S5-10, and uther similar command control systems,
the human operator is required to do more than recognize the target. He must
observe the missile, see its position relative to the target, judge - on the basis of
past experience - how much to move the control stick, and finally actually to move

the stick. In more refined systems the operator is required only to manually track
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the target. However, in cither case, he is called upon to do more than is neces-
sary, i.e,, it is absolutely necessary that he recognize the target - simply because
no other device exists that can do it - but it is not necessary to employ a human to
perforu, the other functions particularly that of moving 2 contrdl stick or any other
nianual activity.

As will be shown, the technique of oculometry will allow the human operator
in a command control system either to confine his activity to locating the target
to be attacked, or alternately to locating the target and the missile. In ncither
case will he be required to perform any mianual contrul functions.

A typical line of sight command control systemn is shown in Fijure 4-12. It
will be seen that three feedback loops are involved, the oculomotor luoop, the main
n:igsile control loop, and the contrcl stick loop. The oculomotor loop controls
the urientation of the axis of regard; it is a precise control system that plays a
very important part in the total visual sense. Spatial inforn-ation comes into the
cunsciousness, not sv much frem the optic nerve, but from the oculomotor muscled
and nerves. The oculomotor loop has been shown in Figure 4-12 containing a
section of the brain responsible for the very highly develuped vculomotor skill,
(As an indication of the degree of skill invclved, it inay be noted that the eyes
can be moved at up to 500°/sec., over a range of about 45, with an accuracy of
better than 10 minutes of arc).

The spatial information entering the consciousness is the basis on which
countrol stick motion is derived. It is tu be noted that the ;eneration and executiun
of cuntrol stick commands by the consciovusness is a skill that has to be learned.
In the first place, an optimum functicnal relationship exists between observed
missile deviation and control stick deflectiun, and in general, this 15 not a suinple
time invariant scalar function, so this has to be learnecd from experience.
Secondly, the movcment of a contrul stick is not an every day muscular activity -
as is rmiotion of the eyeball - and this tuu has tc be learned - just as a typist or
pianist had tu learn a particular muscular skill.

The countrol loop responsible for the motion of the control stick has only a
very poor position feedback path via the senses of touch ani pressure, ctc. and
thus the operator has a poor cstinate of how much he has actually moved the stick

at any time., He must, therefure, inevitably generate noise as well as effective
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control signals. In the oculomotor loup, un the other hand, an extremely good
feedback path exists through the optic nerve. It is well known that the performance
of a pusitiun servo is directly related tu the quality of the position feedback path.
Thus, in the command contrul systen: shown in Figure 4-12, the oculomotor
loop that ;enerates spatial information tc be sent to the consciousness, is an
efficient and essential part of the systenmi. However, the generation from this
spatial inforn:ation of control stick commands, and the execution of these comn=-

mands, is unsatisfactory in that:

1. A skill has tov be learned.
2. The control stick loop is nouisv, due partly to a poour feedback path.
3. Even when the control skill has been learned, 4 transfer function

of very limited bandwidth and response time is interposed between
the spatial information coming from the oculomotor muscles and

the electrical output of the control stick.

The technique of oculometry will permit the extraction, from the operator,
of the missile/target spatial information at the same tirne, and in the same fcrm
as it is supplied to the consciousness (Fig. 4-12), In this way, thc undesirable
features of a conventional human uperator command control system can be avoided.

There is a limritation involve: in the extraction of spatial inforn.ation by
the technique of oculormetry. Within an angular width of about 10 miinutes of arc
from the center of the fuvea, the eye mmotiun is random and attenticn can be fixed
on any pownt within this area without imuving the eyeball, Thus, when the niissile
and tar;et are within 10 minutes of arc uf each other, the spatial information is
derived essentially from the uptic nerve and not, as shown in Fijure 4-12, fromn
the oculuinotur loop. This, of course, does not alter the fact that the human
operater is being used inefficiently in the set=-up shown in Figure 4-12. The
lirr.itations, discussed earlier, involved in the command and execution of control
stick motion still apply. Hcowever, the arrangement shown in Fi ure 4-13 will
not work at all when the mmissile and tar:ct are so close. V'hen it is recalled that
visual acuity is only of the order of 1 ruinute of arc, it can be appreciated that the
breakdown of the systen: shown in Figure 4-13 vccurs quite near to the threshold

of acuity.
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The solution to the difficulty lies in the use of a continuously variable
magnification vevice - i.e. a zoom lens - shown as VM in Figure 4-14. The ARD
unit acts as a null sensor in a luop associated with the VCA unit at the eye, and
the two units together comprise a wide range uculomotor. The cye motions are
analyzed by a network, M; if the short term variable saccadic motion is less than
say, 10°, the nagnification is smoothly increased, if greater than 10° the magni-
fication is decreased. The niean value of the eye miotion may also be sensed and
used to reorient the VOA unit. In this way the detail of interest in the viewed
scene is kept centered in the field of view and its angular size is kept up to 10°
Ly the action of the variable magnification unit (see Fig. 4-15). The missile/
target displacement vector is taken from the oculornotor systein and processed
throush an vptimmum control network for transmission to the missile as guidance
inforniation,

V. ith a 10° "signal" and a "noise'" of 10 minutes (i.e. the magnitude of the
random, invcluntary motion of the eye) the signal to noisc ratio is 60:1,

An upper limit must, of course, bhe sct to the magnificatin, since otherwise
it would tend to infinity when the miissile was on the line of sight. For a missile
attacking 4 tank, the required impact accuracy is about 2 ft. Taking 20 minutes
of arc as a cuonservative estirnate of the oculomotor noise level, and specifying
that for high kill probability at a maximsum range of two :uiles 1 ft. shoulu corre-
spond to 20 minutes of arc, the maxirnum magnification required is seen to be 60.
The operator's view at impact, at 2 miles range, with a niagnification of 60, is
shuwn in Figure 4-16.

Since the optical system is self-aligzning, it may be hand held or clamped
on a tripod. The system can be designed to operate in the presence of vibration
that would normally be intulerable with a magnification of ¢0. Given the amplitude/
frequency spectrum of vibration, the performance of the servo eleinents in the
arrangement shown in Figure 4-14 can, within limits, be specified to attenuate the
vibration to an acceptable level,

In the system described above, the operator is requirecd tu perceive the
spatial rclatiuon between nmiissile and target. In urder to do this, he will be forced

to flick his eyes from one to the other, since the variable 11.agnification device
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will ensure that missile and target are separated widely enough to prevent spatial
perception by the retina. The missile/target displacement vector is obtained by
detecting, electronically, this saccadic motion.

In this system, the operator has not only to recognize the target, but also
the niissile. The latter function can be done automatically, but it may be
advantageous to use the operator to recognize the missile in order to reduce
equiprment complexity with little sacrifice of system performance,

In an alternative application of vculometry, the position of the missile niay
be sensed automatically by IR radiation. The operator's task mnay then be re-
duced to the essential minimum of simply observing the target. In order to avoid
bore sighting problems, the IR and visual uptics should be arranged so that they
share a coinmon optical axis. The principle of operation will be very similar to
the systerm: shown in Figure 4-14, The urientation of the viewing axis will be
controlled clectronically so that the visual and IR images are synimetrically
placed in the center of the field. The magnification will be adjusted in the same

way as shown in Figure 4-14,

4,2,2.2.2 Television

Although a domestic TV picture has quite good definition - i, e. when viewed
correctly, it does not reveal its "srain" structurc - the total visual impression
jained by watchin;; TV is entirely different fron. the impression gained by watching
the televised scene directly., The difference stems mnainly frum the very small
angle of view that is possible with domestic TV.

The domestic TV picture can be considered as a mosaic of 500 rows each
containing 500 dots or srain clements, Norinal visual acuity is of the order of
I minute cf arc so that when viewed so as not to show its grain structure, a TV
picture cannot have an angular width of more than 8°. V. ith a screen size of
15' X 15" this corresponds to a viewing distance of 9' i.e. a nurinal viewing
Jistance.

The normal field of view of une eye is 120°-150° and with both eyes it is in
excess of 180°, Thus, in terms of solid angle, a TV picture is ..nly 0. 2y of the
size of the total visual ficld. In domestic TV the limitation inpused by the very

sn;all angular width can be overcome to some extent by efficient studio production
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techniques, such as switching the transmission from one cammera to another. This
is analogous to the way the oculomotor apparatus of the eye normally switches the
gaze from point to point in a visual scene. Huwever, even under the best condi-
tions, the sensual impression gained by the viewer is a poor substitute for the
impression derived by being actually prescnt at the televised scene. In many
non-entertainment applications of TV it is not practical tc have a number of
cameras and a pruducer at the televised scene, so that the narrow field of view
is then a very great limitation frow, the point of view of the total visual impression
that can be gained.

This present application of oculometry is concerned with an entirely different

concept of TV. This is to create a TV system which would completely duplicate

the visual impression gained by an observer actually present at the sight of the
TV camera. The aim, in effect, will be to engineer a remote extension of the
visual sensc organ by devising an efficient match between the eye and the TV
systemn:.

As discussed carlier, vur contact as human individuals with the external
environment is alrnost totally dependent ¢n our sense of vision and, to lesser
extent, of sound. Thus, the existence of a HI-FI TV systen: of the type being
considered would, in effect, cnable us to cxperience an environment, without
actually being present. It would be as if our optic and auditory nerves were
hundreds or thousands of miles lung instead of only a few inches. What we cus-
tomarily call being '"present" in an environment really means that our scnse
organs, i.e. eyes, ears, ctc., are present. ‘‘hen electronic extensions of the
two most important sense organs arc available it will not be necessary for our
Lbodies to be physically located at a place in order to experience the sensations
of being '"'present” at that place.

Numerous applications can be envisaged for HI-F1 TV:

l. Exploration of moon and planets.

There are many difficulties associated with manned space exploratory
missions, However, unmanned missions with either automatic ur remotely con-
trolled equipment will, in gcneral, be very miuch less useful, The advantages of
having a human astronaut on the planet being explored, rather than just inanumnate

equipment, are that a human can perform a very wide range of immechanical tasks -
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putting soil under a microuscope, operating scientific instruments, etc. - and that
he is intelligent and adaptable. Automatic equipment - e.g. a soil analyzer - may
fail if the conditions on the planet are not like those expected by the designer of
the equipimment. However, a human astronaut, equipped with only a few simple
tools, would be able to react effectively to a wide range of unexpected situations.

If it were not for the transmission delay, caused by the finite velocity of
electromapgnetic waves, HI-FI TV could obviously be usefully applied to earth
based planetary exploration. However, even to the moon, the delay involved in
the round trip communication link is 2 1/2 secs. and is certainly too great to allow
for the successful operation of a truly HI-FI TV system:. However, the HI-FI TV
system could be employed on manned mnissions to orbit the various planets.
Instead of landing the non-expendable astronauts, a HI-FI TV system could be
sent down. This would allow the orbiting astronauts to experience the same visual
sensation as actually being on the planet, without incurring the enormous weight
penalty of the return booster. This scheine would allow for lunar and planetary
exploration tv be undertaken with boousters that will soon be available, The much
larzer boosters needed for a manned landing cn the moon or planets will probably
not be available for a number of years., Conventional TV is being considered for
earth based unmanned robot exploration of the moon in the immediate future
(Ref. 4). The round trip communication delay of 2 1/2 sec. is a limitation that
has to be accepted. In the system described in Reference 4, the TV camera has
a ficld of view of 450, the frame repetition rate is 1 per second, the video band-
width 200 kc, and the transmitter power 3,1¢ watts. It is estimated from these
figures that the grain size in this TV system is 6 minutes of arc. The oculomet-
rically contrulled TV system, described later in this section, would require a
bandwidth of only 3 kc for 1 minute of arc grain size at the center of the field, and
a picture repetition rate of one frame every 2 1/2 seconds. Thus, although it
cannot be considered in this application as a duplicate of the visual sense - because
of the 2 1/2 second communication aelay - oculometric TV can nevertheless be
considered for its economy of bandwidth.

The use of HI-FI TV alone would permit a forin of passive lunar or planetary
exploration., However, by incorporating such a TV system into an advanced form

of robot, an almost fully realistic forn: of active manned exploration could be
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achieved. Such a robot would be equipped with analogs of the human senses (e.g.
vision) and motor output (e.g. limb ni.otion). It would be contrulled by a human
whose senses would be completely coupled, via communication channels, to those

of the robot - s¢ that the human would receive virtually no sensory input from his

local environment, The motor activity of the human controller would be monitored
and transinitted to the robot, and this information used to comniand corresponding
motion of the rcbot. Thus the human controller would be in contact, not with his
own envircvnnicnt, but with that of the robot. It is emphasized that the fidelity of
the robot sensory detectors, man-machine coupling, etc. could be such as to
provide the robot controller with a second ""body'" which would be under the control
of the controller's consciousness in almost the same way as is his normal body.
The robot would thus appear to have human or near human dexterity and skill -
together with the intelligence and initiative of the human cunsciousness controlling
it. The effect of the round trip communication delay of 2 - 1/2 seconds could be
mitigated by including certain closed loop control circuits in the robot - e.g. for
pestural stability,

The rubot could be used for lunar and planetary exploration, In this way
many of the auvantages of manned space missions could be cumnbined with the
advantages of unmanned miissions. In particular the proublen.s of biological con-
taniination, cither of the carth or the explored planet, are avoided.

2. Meteurological and strategic surveillance from earth satellites by means of
a T'V monitor on the earth., The followiny advantages are postulated.

a. Many pcople, military, executive, and scientific, while on the

earth could experience a visual scensation equal to, »r better than,
that experienced by urbitiag astronauts.

b. No life support problem.

c. The need to ferry supplies and personnel to and from orbiting

space stations would be largely eliminated. Maintenance could
be carried out, in most cases, by remote control.

d. The Van Allen radiation belts would impose less restrictions on

the satellite orbit,

e, The acknowledged search capability of the human eye could be

employed in a missile launching detection systenri. C(bservers

could be changed frequently - as is the practice for radar observers.
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f. In conjunction with an advanced robot system: - the satellite

(and cther vehicle borne robots) could be maintained and

repaired.
3. Navigational aid for aircraft pilots. ‘Vith an IR sensitive camer, bad
weather visibility could be iniproved.
4, Battlefield surveillance for army commanders, artillery support, etc.
%ith separated cameras, binocular vision could be provided with a yreatly en-
hanced sense of depth. Alipgnusent probleins normally associated with such
binocular devices would be eliminated.
5. Miscellaneous weapon systems in which a robot viewer could be considered
more expendable than military personnel.
6. Guidance techniques involving missile borne TV would becomie more
attractive with the very much lower bandwidth needed with oculometrically con-
trolled TV,
7. When satellite communication systems become operational, the availability
and cost of long distance wideband comn.unication circuits may be such as to
perinit the use of HI-FI TV for such purposes as business conferences; instead
of all the participants travelling tu a comnmon location, they cuuld use a HI-FI

TV network to derive an equivalent sensual immpression.

The general form of a HI-FI TV system is shown, in Figure 4-17a, as an
interconnection of an ARD and two VOA units, a conventional TV system and a
communications link. A flow graph of the ingle between the axis of regard and
the central axis is shown in Figure 4-17b. The eye is shown with its axis of
regard displaced by an angle 6 from the central axis, and the VOA units deflecting
the optical axis by an angle § , where ¢ ~ - 0., At the TV link, the axis of
regard is at angle 3 = U + ¢ to the central axis, where ; ~ zcro,

The TV monitor projects intu the eye via a VOA unit.  This latter is driven
by a signal from: the ARD unit to a deflection designed to bring the axis of regard
ontu the central TV axis, no matter in what direction the eye is actually looking.
Thus let ¢ be the deflecticn of the VUA unit sou that the axis of regard is at $ to
the central axis throughout the TV link. ¢ will be measured by the ARD unit:

let § be coutrolled according to the law:

(ap?+bp) ¢ = -c ¢
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(i.e. the torque applied tu rotate the VOA axis will be precportional to 4 and a

rate signal ¢)
.. (apt+bp+c)y = -c¥8

i, e. 4> ~Bast-x

and c
D= v+ ¢= (1- ) v

aplibp+tc

i.c.k‘:"oaf:t‘. " 4

At the remote end, the TV caimera is pointeu to the scene being viewed via another
V QA unit which is slaved to the VCA unit in the receiver termiinal, Thus, during
transmission through the TV link the axis of re;ard is kept to an angle » from

the central axis, where » - o, but at the transinit terun.inal it is restored to 0,

the value at the eye.

1 crier tc make econormrical use of bandwidth, the resclution of the TV
picture ::ust be n;ade a function uf the angular displacesrient fron. the central uxis.
This couli be done either electrcenically ur optically.

It is possible to discuss the feasibility of the HI-FI TV systen. in terrm.s of

the following general aspects of the syster...

1. The bandwidth required in the TV connmunicaticns link,

2. The static accuracy and linearity of the VUA and AR units,

3. The dynamic respounse characteristics of the VOA and AR units,
4. Mechanical and optical dotails such as the cuupling of the eye to

a wide angle optical systeru.

The bandwidth requirements of the link can be cuniputed fron. the number of
agrain elen.ents and the picturc repetitivn rate. If 4 prain structure equal to a
normal 1V picture vicwed so that the lines are just resolvalle is tu be obtained,
then 10, 000 _rain elements are requirec. 7There is a possibility tiat a picture
sequencing repetition rate as low as 10 pcr second could be ernnployed by synchro-
nizing the picture sequencing with the vccurrence of saccadic n..tiun of the eye,
This syster would require a bandwidth of 70 kc. A system cmple jing te: tunesas
many grain elements - which would correspond tu the pupil diffraction linit on
visual acuity - and a picture repctition rate of 30 per sec. would require a band-
width of 2 mc. Thus, it is clear that bandwidth requirements = cven for a very

quality system - are modest.
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The two VOA units must have a static accuracy, or linearity, sufficiently
gooct to allow them to follow each other to within about 1°, A larger error than
this would result in noticeable distortion in the visual field, as the eye moved
from: place to place.

The ARD and VOA units must have a dynamic response characteristic

adequate to insure:

1. that the ARD unit is not forced out of its operating range.
2. that 1/10 second or more after a saccade has occurred, the axis
of regard does not deviate more than about 10 minutes of arc from

the central, high definition, axis of the TV system.

Assuming that the fastest motion of the eye is 500°/sec., the maximum deviation

. that will occur is

500
a-
pz ap+bp+tec

If .  is the natural frequency of the second order systemi{a p2 + b p + c and if
this is properly damped, it can be shown that the maximum value of $ is of the
order of 500/ n° If this is to be 1", then 1/« 0 the response tune of the system,
must be about 1/500 sec. When the ramp motion 500/p? stops, the n.aximum
value of ¢ will be about 1°. WVitha response time of 1/500 sec. this value of ¢
will fall to 10 minutes of arc in considerably less time than the 1/10 sec. specified.

It has been shown that a HI-FI TV system would require a relatively low
bandwidth transinission circuit, somiewhere between 70 kc und 2 1nc. The ARD
and VOA units should have a response timme of the order of 1/500 sec., and the
ARD unit a dynamic range of + 1°. The linearity of the VCUA units shoull Le
adequate to ensure that they follow each uther tu within 17,

It is concluded that the HI-FI TV system is feasible: Jdevelopment work

would be required particularly on

a. the variable resolution scanning system
b. the coupling of the eye to a wide angle optical system
c. the possibility of synchronizing the picture sequencing to the saccadic

n:otion of the eye, in urder tu reduce the picture repetition rate, and

thus the required bandwidth,
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4.3.2.2.3 Search Light Illumination

In this application, the axis of an illuminating light beam is kept parallel to
the axis of regard of the person using the illumination to view a dark scene. In
this way the available light energy can always be kept concentrated so that most of
it falls on that part of the scene where it is most needed and is most effective -
i.e. at the point which forms an imiage directly over the fovea of the observer.

It has been seen that foveal acuity is more or less governed by the number
of light guanta available. However, under normal illurnination peripheral acuity
is much poorer than the quantum limit., No quantitative informnation has been
found concerning the relationship between peripheral acuity and illumination.
Peripheral vision is, in the dark adapted eye, very sensitive. The acuity does
not seem - objectively speaking - to be very much less than in normal daylight.
Thus it appears possible that a considerable reduction could be achieved in the
power needed to {(volume) illuminate a given scene by arranzing for that part of
the scene observed by foveal vision to be illuminated more strongly than that
observed by peripheral vision. In other words the quantun; flux available would
be matched to the resclving power of the eye over the whole field of view. There
arec many factors that could lin:it the extent to which it would be practicable to
shape the beam: intensity - e.pg. finite response time of the search light axis servo,
relationship between foveal light intensity and peripheral dark adaptatiun, internal
light reflection in the eye, etc. On the basis of the acuity curve given in Figure 6
it appears that, theoretically, a very considerable power reductiuon could be
achieved. Aloung the axis of regard, the resolution is one minute of arc, (under
normal illumination). As has been seen, this one minute of arc in the scene
contributes a quantum flux of the order of 1 quantum per sunumation tiine at the
eye. Under the same illumination, the resolution 10° off the axis of regard is 100
times less. Thus the area of resolvable detail is 104 times greater and will
contribute a flux of the order of 104 quanta per second at the ecye. The quantum
inefficiency (at'norn.al illumination) of peripheral vision is now apparent. What is
suggested here is that the intensity of illumination of these peripheral areas be
reduced, so that - with dark adaptation - the quantum efficicncy may be improved
to that of the fovea. A calculation, similar to that given in Section 4.1.3 on the
information content of the retinal image, shows that a theorctical inaxiimum power
saving of the order of 104 times would be possible.
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4.3, 2.2.4 Stabilization .f Optical Instruments

It is well known that it is difficult to use hand held binuculars that have a

inagnification much greater than about 10 tin:es. The natural tremour in the hand

ig sufficient to cause the image tu move 50 rapidly that the cye cannot follow it.

This difficulty could be partly overcouri.e by arranging for the fine pointing of the

optical axis to be servo controlled by a built in oculumeter. This arrangement

would not only filter out the hand tremor, but also assist the cyc ball in keeping

up with any residual tremor in the tinage.

4.7.2.2.5 Miscellaneous Applications

It has been shown (Ref. 2) that when the effect of the norical involuntary
cye miotion is doubled, acuity is timpreoved and steady fixation becun.es
effortless. In effect, the cain of the norinal feedback loop contrulling
fixatiun is increased. By the uue of an ARD and VUA unit cther gains
anyd phase shifts could be introduced.

An uptical viewing device incourporating this principle i it be of value
ir. ...anual-optical search and tracking tasks.

V ith a suitable arrangement of VoA and ARD units the axis of repard of
oric cbserver could be slaved, tu within about 10 minntes of are, to that
of another., The passive vbserver would be able, in fact conpelled, to
sec what the active observer was looking at. It would Le in possible fur
him: to allow his gaze to wander, Applicaticns can be furescen in
educaticn, indoctrination, and crin e detection,

Physiolugical and psychulugical research,

v ith the development of suitable oculun.etric \evice:, the visuul
apparatus of anin.als could be controlled. The visual sensc is the
principal available contact with the Lr.:in, so that .culcinetry could
proviuc the basis for mcre efficient linking of anin,al brains to

machines.,
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5. Chemoreceptors

""The history of chemoreception is studded with man's attempts to explain
and rationalize the mechanism involved in the activation of these sense organs,
Yet today this is still one hure question mark. True, the work relating physical
and chemical properties of compounds to their stimulating effectiveness may soon
demonstrate those properties of the stimulus essential for activation of chemo-
receptors, but the question of mechanism of activation will still remain un-
answered. This answer must be sought through investigation of cellular changes
in the sensory end organ itself, a difficult but challenging problem. (Ref. 1)"

The earliest animals arose from the sea and since they were sensitive to
dissolved substances, changes in the concentration of these or other substances
would produce a response that was always an avoiding action. This primitive
common chemical sense differs from the higher developed senses of taste and
sm:2ll in so far as it is stimulated by "foreign'" injurious materials (ammonia,
chlorine) and by naturally occurring substances (acids, alkalis, salts) only if their
coucentration departs widely from the normal value. Delicate receptor organs
were developed for the senses of taste and smell. The sense of taste is much less
delicate than the sense of smell (Ref. 2).

All the possible tastes are differentiated into four fundamental components:
salt, acid, sweet and bitter. The mechanisms of taste stimulation of each will be
discussed after a brief consideration of stimuli detection and the electrophysio-
logy of response transmission. This is followed by a summary of the more widely
held correlations of physical and chemical properties with taste., This section on
the taste chemoreception concludes with a general discussion of sensitivity and
some specific analogies to the other chemoreceptors.

The sense of odor is divided into the same main categories as the sense of
taste. The brief introduction is followed by electrophysiolozical considerations
of stimulus and response. The generally held physical and chemical correlations
and theories of the mechanistic processes involved in ocor stimulation are pre-
sented next. Because one of the most interestiny facets of biosensors is their
hish sensitivity, the section on odor is concluded with a discussion of sonie recent

work done on the absolute sensitivity of the sense of smell. One is amazed to
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discover that the sense cells of the eye respond to one quantum of light with a
macroscopic reaction and that the sensitivity of the ear and other organs of the
labyrinth comes close to that of Brownian motion. Equally amazin~ are the
experimental results which indicate that the olfactory cells respond to close to
one odorous molecule. Because such low concentrations (only a few molecules)
of stimmulants appear to be adequate to evoke biolovical responses, it is presently
thou;ht that the stimulus ouly triggers the metabolic eneryy available in the cell
(Ref. 3).

5.1 Taste

The receptor organs for taste are the taste buds. Gustatory papillae (the
fungiform, foliate and circumvallate) which cover the surface of the tongue con-
tain one or more taste buds, complete with several spindle shaped receptor cells,
each with a hair like end projecting through the pore of the bud into the mouth

cavity.

5.1.1 Detection of Stimuli and Transmission of Responses

In man, the sensation of taste is aroused when solutions of appropriate
composition are in the mouth. The taste buds are the receptor or 'ans for tas.e
(Ref. 2). Just what happens after the contact has been made by the stimulatinr
substance and the taste bud is not known. The penetration of the stirnulating
substances into the sense cells or their adsorption on the cell membranes are
important events in stimulation which lead to the initiation of the nerve impulses
{(Ref. 1).

The taste receptor cell is only a generator of nerve iimnpilses. Present at
the periphery of the justatory afferent system are: (l) a transducer, converting
chemical changes to neural excitations (this is the taste cell) and (2) one or more
centripetally conducting sensory fibers excited by action of the transducer (these
are the gustatory afferents) (Ref. ).

By employing electronic equipment it is possible to amplify and record
nerve impulses in nerve fibers at points between the receptor cells and the brain.
Most of these studies have been restricted to animals. Nerve fibers are very poon
electrical conductors but they can transmit small current at the rate of 1-100 m.

-1 : .o . .
sec = possible because the eneryy necessary for propagation is released pointwise
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as the impulse proceeds. Nerve cells can be compared to batteries with a
potential difference across the cell membrane. One theory is that the stimulus
causes a depolarization of the nerve fiber ending and that a wave depolarization
changes move along the nerve fiber. After 0.5 to 2 millisec., each nerve section
recharges and is ready to transmit another impulse. Impulses are recorded on
an oscillograph. Electrical activ ty is observed when the receptor cell is resting
but stimulation of the receptor site produces a change in frequency and amplitude
of the nerve impulses. The potential difference across the semi-permeable cell
membrane is due to different ion concentrations on either side. The extracellular
fluid is higher in sodium ion concentration whereas the intracellular fluid is
higher in potassium ions. Depolarization of the cell occurrs when sodium ions

are suddenly allowed to pass through the cell wall (Ref. 5).

5.1. 2 Mechanisms of Taste

Electrophysiological methods have shown that most mammals possess
receptors which respond to salt, acid, sugar and quinine solutions (Ref. 2). Some
chemical relationship is expected between substances responsible for each of the
four component tastes and the corresponding receptor organs (Ref, 2).

To be tasted a substance must normally be soluble in HZO so that the taste
stimulus could be a solid, liquid or gas provided that it dissolves somewhat upon
contact with saliva. Some of the variables that determine the efficacy of taste
stimuli are solubility, concentration, ionization ability, temperature, basic
chemical composition and structure (Ref. 4). The mechanisms of sour, salt,

sweet and bitter sensations will now be discussed.

Sour

The stimulus for the sour taste is an acid. Acids ionize in aqueous solution
into an anion and cation of which the latter is the hydrogen or hydronium ion. The
degrce of sourness is related in a rough way to the degree of dissociation so that
the sourness of solutions increases with the acidity of the solution which is in-
versely proportional to the pH of the solution. It has been shown that the taste of
mineral or inorganic acids is not due to the anions but to the cations (Ref. 6).

For example, acids such as HCI and HZSO4 cannot be distinguished by taste.
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Organic acids and their anions have distinct tastes and may be more sour than
expected from the pH of their solutions. Some acids are both sour and bitter
such as picric acid, and some are sour and sweet as citric acid.

The addition of salts of weak acids depresses the ionization of the acids
themselves so that in order to keep the same pH as would be present with the
pure acid more acid would have to be added and this solution, now containing
more acid and salt, tasted more sour than pure acid at same pH (Ref. 6). These
experimental results indicate the influence of either the increased anion concen-
tration or an ionic strength effect. In view of the results discussed later, the
latter effect is the probable cause.

In order to arrive at a single, simple correlate for the sour taste it is
necessary to eliminate the interaction between the sour stimuli and saliva, the
latter serving as a buffer solution in the ensuing stimulation of the gustatory
receptors. When the effect of saliva is minimized the results of threshold values
for all acids of equal chemical combining capacity are uniform. The bLuffering
action of saliva contributes to the discrepancies observed in acid detection tests
but the minimization of the effect does not result in equal afferent nerve dis-
charges at equal pH, equal normality or molarity.

There is some basic physiological mechanism which complicates the rela-
tion between sourness and acidity. The following are some of the suggestions

that have been proposed:

1. Hydrogen ions might react with some substance on the receptor
surface so that, as these ions in a solution of the organic acid

were taken up, further dissociation would replace them;

2. Both the potential as well as the actual hydrogen ion concen-

tration may be determiners of sourness.

A relationship has been noted between the sourness and swelling of gelatin
in different acids. Sourness has also been attributed to the rate at which the acid

penetrates the cell or intracellular spaces or to adsorption on the cell surface
(Ref. 7).
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Salt

The stimuli for the salty taste are soluble salts which dissolve in water to
yield a cation and an anion both of which contribute to taste quality and stimulat-
ing efficiency. The typical salty taste is that of table salt (sodium chloride).

However, not all salts give the salty taste. For example (Ref. 5):

SALTY
LiCl LiBr Lil NaNO3
NaCl NaBr Nal KNO3
NH4C1 NH4Br Na.ZSO4
KCl1
RbC1
SALTY AND BITTER
KBr NH4I
BITTER
CsCl RbBr KI MgSO4
CsBr Rbl
Csl
SWEET
Pb(OA(:)Z
Be(OAc)2

There is a trend from salty to bitter taste with increasing molecular weight
and also a trend in effectiveness of taste stimulatioa with ionic mobilities (Ref. 5).

O.e conclusion drawn was that the taste of a salt depends on the cation
which determines the intensity and upon the anion which gives the character (Ref.
6). In a series of sodium salts, the quality of taste elicited will vary with the

anion, The following anion series was obtained when the degree of saltiness of
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various sodium salts was compared: SO4 >Cl >Br >1 >HCO3 >NO3. The follow -
ing cation series is obtained if various chloride salts are compared:
NH, >K >Ca >Na >Li >Mg.

The thresholds for different salts have been variously reported to be

4

equimolar for the cation, for halogen salts, inversely related to the molecular
weight, and directly related to cation mobility (Ref. 7).

Certain trends and regularities were noted by employing the following taste
equation in attempts to objectively specify the complexity of taste:

N = xA +yB + zC +vD where x, y, z and v are molar concentrations and A
stands for sodium chloride; B, quinine sulfate; C, fructose; D, potassium tartrate
and N is the molar concentration of the salt being matched (Ref. 7).

Thus, it appears that the saltiness of a particular compound can be ex-
pressed as a linear sum with the variable coefficient of the saltiness of these four
particular compounds. Theusefulness of this empirical correlationis questionable.

A theory of the mechanism of taste stimulation has been proposed (Ref. 8).
Assuming a monomolecular reaction between the taste stimulus and some part of

the taste cell, then:

A + B T AB (1)
C N-Z Z

where A is the stimulus; B, uafilled receptor sites; AB, filled receptor sites; C,
concentration of stimulus; N, total number of available sites; Z, the number of
sites filled at concentration of stimulus C.

Then the equilibrium constant may be written as:

K * N 2

Assuming that the magnitude of response is proportional to the number of
sites filled, and that the maximum response occurs at a high concentration of

stimulus when all the sites are filled, then:

R = aZ and Rs = aN

R is the magnitude of response and Rs the magnitude of maximum response.
Substituting the information into Equation (2), one arrives at the fundamental

taste equation (Ref. 8).
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A plot of C/R against C (experimental data) yields a straight line which shows
agreement of the data with the theory. This does not mean that the assumed mode}
model is a correct one, but the equilibrium constant can be found from the graph
and this gives a measure of the binding force of the stimulus with the receptor.
Equation (3) is similar to Langmuir's adsorption isotherm, to many enzyme-
substrate equations and to the equation expressing the binding of ions by proteins.
The small equilibrium constants found for various sodium salts are in agreement
with the concept that the stimulus is adsorbed to the cell surface and that the
reaction is not an enzymatic one. The equilibrium constants are of similar

magnitudes to those in the adsorption of salts to proteins.

CALCULATED EQUILIBRIUM CONSTANTS (REF. 8)

Sodium Salts Equilibrium Constant K liter/mole
(Ref. 9)

sodium chloride 9.8

sodium formate 9.0

sodium acetate 8.55

sodium propionate 7.58

sodium butyrate 7.72

When the temperature is raised from 20 to 30°C the magnitude of the taste
receptor response to salts does not change, therefore, AH = O, indicating
that this spontaneous process is physical and not enzymatic. Thus, TAS >AH

in the equation:

AF = AH -TAS (1)
From the equilibrium constant, AF can be calculated

AF = -RTInK (5)

so that the change in free energy, A F, is negative and thus the change in entropy,
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AS, is positive. This indicates that the water of hydration of the ion (for
example, the water of hydration normally surrounding the sodium ion) decreases
when the ion is adsorbed to the recestor surface or else that the receptor mole-
cule channes its spatial confijjuration slightly when the ions are adsorbed to it.
or both events could take place simmultaneously. This is similar to the small
positive changes in entropy when ions are bound to protcins (Ref. ).

The binding may also be studied by changing the sH of the solution. The
- magnitude of the response to C.1 M NaCl does not change appreciably when the
pH is varied from 3 to 1l implying that most carboxyl units of proteins are not
involved in stimulation, however, other groups such as phosphate groups may be
involved, but the reasoning is not completely evident. According to the present
theory of taste, the receptor molecule may be regarded as a polyelectrolyte con-
taining a large number of charged side chains that inake up the sites (Ref. 8).
(The carboxyl units should be H-bonded to the amino H of the neighboring protein
chain.)

Beidler (Ref. 9) suggested a possible mechanism of receptor stimulation to
explain how the adsorption of a chemical stimulus on the surface of a receptor can
cause an increasc in the electrical activity of the nerve innervating that receptor.
The taste bud cells like most receptors are negatively charged relative to their
exterior environment caused by different concentrations of ions in the cells and
outside the cells. When an electrolytic or non-electrolytic st.mulus is adsorbed
on the receptor site of the taste cell then a slight change in snatial configuration
of the receptor molecule may occur so that a hole is formed that is large enough
for certain ions (most likely potassium) to escape from the inside to the outside
of the cell thus decreasing the potential across the receptor membrane. A spread
of local depolarization over the cell surface may by chemical or electrical means
stimulate the innervating nerve so that the frequency of nerve impulses generated
is proportional to the magnitude of receptor depolarization.

Some substances such as sodium chloride and sugar taste salty and sweet
over large ranges of concentrations, whereas a large number of substances
possess mixed tastes. Ammonium chloride tastes salty at low concentrations,
both bitter and salty at medium concentrations, and bitter at high concentrations.
Different receptor sites with different equilibrium constants are predicted to be

involved in these responses. The sites involved at low concentrations usually
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have a higher equilibrium constant for the stimulus-site reaction and a lower
level of saturated response, Rs, than do the sites activated at higher stimulus
concentrations. The relative number of either type of site may vary from one
receptor to another. Since, ammonium chloride is bitter at high concentration,
it is expected that a greater number of sites with low K values are found in those
receptors that also have an aburdance of sites reactive to alkaloids and other
bitter substances (Ref. 3).

The present theory of taste, i.e., considering the receptor molecule as a
polyelectrolyte containing charged side chains that make up the receptor sites,
was developed for the interaction of salts with a receptor, but it has also been
used to describe acid, sugar and bitter stimulation. Even thaugh the type of
binding of sugars is different from salts, a monomolecular reaction of adsorption
is held. Acids stimulate by means of their hydrogen ions although the surface
adsorption depends on the amount of un-ionized acid in the solution and the ionic
strength. A strong acid is a more efficient stimulant than a weak acid of equi-
molar concentration. At the same pH value, the weak acid is a more effective
stimulant. By making a buffer solution of a weak acid the sourness does not
decrease to the extent that would be expected from the change in pH. This is
accounted for by the increase in ionic strength which tends to increase the amount

of acid adsorbed at a given pH (Ref. 8).

Sweet

It is mainly organic compounds except for some salts of lead and beryllium
that give rise to the sweet taste. Polyhydroxy and polyhalogenated aliphatics are
usually sweet, e. 5., glycerol, supars, and chloroform. Other stimuli are
aldehydes, ketones, amides, esters, amino acids, and sulfonic acids. Many
attempts have been made to relate chemical structure and taste. Several limited
correlations have been imade but no widely applicable theory has evolved. Oertly
and Myers listed a number of sweet-producing molecular arrangements and
postul.ted that to be sweet, a substance must conta‘in a glucophore and an
'auxoyluc’. Saccharin is an important exception in this classification (Refs. 5
and 7).




ALLIED RESEARCH ASSOCIATES, INC. —/‘y’iz
24 BOSTON, MASSACHUSETTS
v

In an homologous series, the taste of the members often changes from
sweet to bitter with an increase in molecular weight. Taste often disappears
with the higher members of the series because they become water insoluble
(Ref. 7).

Small changes in the structural arrangement of homologues produces strik-
ing changes in taste. Considering the homologues of m-nitro aniline which is

sweet,only Z-nitro-p-toluidine is sweet.

Ny N NH
. ‘\W , BEN . N P W
b J'\.h? ’ INKH »”\JK‘ J\,n? { NL?
‘,n! hy ’.’13
P | Sk T TLaTE s VERY SUIGHT LY BT TEK

It has been concluded by some investigators that after studying the relaticn
of taste and structure that it was imipossible to derive any law for aromatic com-
pounds and that sweet taste depends not on any single factor, such as a certain
taste -producing group, but on the entire chemical complex of the particular
compound studied (Ref. 10).

One of the better -known sweetening agents is saccharin. In 1514, Cohn
summarized some inforrnation about saccharin and its related compounds and
concluded that sweet taste is lost if the sulfimide ring is opened, or if the iinide
hydrogen is replaced; and that substitution in the benzene nucleus reduces the
sweet, and introduces a bitter taste (Ref. 10).

In 1961 Hamor reported correlations of taste with chemical structure of

approximately 80 derivatives of saccharin (Ref. 10).
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Some generalizations that may be drawn from the results are iven below.
Replacement of the imide hydrogen with another chemnical group nave, in
almost every instance, a tasteless compound. Both ¢ seet and bitter compounds

were converted to tasteless substances by this substitution in the 2-position.
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licre were three excentions wwhere the bitter taste that re<ulted may be due to

the basicity of the relativeiy high molecular-weight tertiary amino _roup. These
results appear to lend evide.ice to the velief that sweet taste is attributed to the
anion. It is possible that the sense of taste rescmbles other types of physiolovi-
cal respouses and is subject to the ""ls i and <ey' concent of biolozical activity,
Then substitution on the imide nitro ;en inay affect the specific ruolecular shape
which rust fit the receptor site so that the 2-csubstituted coir:pounds are not
cownplementary to the taste receptors, and display no taste. Yel sorne worcers
have reported Z-substituted saccharius which do not iounize or hydrolyze but have
a sweet taste (Ref, 10).

Another possible explan- ' 'nn for the lacic of taste of the Z-substituted

saccharins rniy be that isomerization of the lactamn form to the lactim form is

necessary for sweet {(and bitter) taste.

CALTIV RN I L SOV AN

If groups are substit:ited in the 2-nosition, then therce is 1o »ossibility of
forming the lactitn formm. If an alikyl group 15 substituted {or the irnide hydronen
in o-benzenedisulfonimide, the taste changes from sweet to tasteless which is
analogous to the results of Z-substitution in saccharin.

If electron withdrawin, @roups such as the nitrc rour are substituted in
the benzene ring then bitter substances result If the nitro proup is reduced to
the electrondonating amino group then sweet compounds result.

In addition to the inductive effect, resonance may contribute to taste. The
t- and (- nitro saccharins which are ortho and para, resvectively, to the carbonyl
group, contrioute to the sweet taste whereas the 5- and 7- nitro saccharing, meta
to the carbonyl group, .ive only a bitter taste. Pcrhaps, the resonance contribu-
tiong of these nroups to the relative acidity of the molecule, or to the relative

ease of formation of the lactim form, is responsible for the differeunces in taste

of the saccharin derivatives.
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Sub-tit .tion: in the 3-7osition produces tasteless compounds as does sub-
stit. tion ia the Z-porition. I the heterocyclic ring is opened, tasteless compoundyg
are oraduced {Ref, 10).

Stereoisomerisin is siguificant in taste as well as other physiological
syste:ns. The dextro form of aszaracine is sweet, the levo form tasteless,
Solutions of e-D-glucose are sweeter than B3-D-glucose which predominates in
solution after .nutarotation has occurred.

The degree of sweetness of various sugars was measured and no relation
was observ.d betweea the numnber of C atoms, OH qroups, or the molecular

arrangewment or spatial conficuration of the compounds (Ref. ).

Bitter

B:tter, likke swceet, is a taste Seusation that is elicited by memobers of many
chaiuical classes and is found associated with sweet and other taste qualities.
Increasing the molecular weisht of inorganic salts is associated with increasing
hitterness. An increase in the lenath of the C-chain in erzanic imolecules some-
tirnes produces a chanpe from swzet to bitter. Many sweet substances such as
saccharia have a bitter after taste. This wcultiple taste quality is nctizeable when
tiie stimuius moves from: the front of the tungue to the back wlhere bitter seasitiv-
ity 1s the r'reatest (Ref. 7).

The complex nitrogenous comipounds, the alkaloids, are the best «nown
class of bitter compounds, i.e., quinine, caffeine, strychnine, aad nicotine.
Most nitro compounds are vitter (picr.c acid). The following ~roups are most
often associated with bitter taste: (NO;) >4, EN,Z2 N =,SH, -S§S-, -5§-S-, and
-CS- (Ref. 7).

The importance of structure and chemical srouping is demonstrated Ly the

phenomenon of ''taste bliadness' which is an insensitivity to substances having the
5 Ho .9 o
>NC - group whereas - N-C- is the familiar "peptide linkage.

Phenylthiocar -
samide (PTC) is used as a test for ''taste blindness'". This i... hility to taste PTC
is 7enetic and inherited as a Mendeliin recessive characteristic. These taste

defects were found in anthropoid apes as well as nian

5-12




- %
ALLIED RESEARCH ASSOCIATES, INC. / - 8OSTON. MASSACHUSETTS

S
]

The iaability to taste >NC - may be overridder by other cheimnical groups
as in thiourea, NH’1 CSs NH(;, which is sour to all persons. Taste blindness is
not corrclated with sensitivity for other bitter stiimuli or other taste qualities,
which suggest a nirh degrec of specificity for a pirticular chemical linkage
connected with some feature of the rece;tor mechanism. Attempts to link taste
blindness with insolubility of PTC in saliva were unsatisfactory. Because bitter
and sweet seusitivity are often associated with si:.ilar type stimuli, and both are
inactivated by drugzs or narcotic a jents, the pruposal has been made that both
depend upoa the actioa of a sinvle receptor myechanism (Ref. 7).

Of all the taste mechanisres, that underlying the bitter sensation is least

well <nown.

5.1.3 Physical Property Correlations of Taste

Certain physical properties of stianiulating compounds have been studied to
determine their efl{ect on taste. For examnple, the suriace tension of solutions of
substances could afiect taste Ly their ability to penetrate the taste bud or alter
the mermeability of taste Hrd cells. Since all the compounds that effect a sweet
taste have chernical groups that miay hydrojen bond with water, it is likely that
the de-ree of association with water imi*iit be a factor {Ref. 5).

Sitce cazynes take part in all »iolocical processes it is possible that they
ol bt Le involved ia the excitation ctaje >f taste stimulation. If this 1s a redox
enzyme svstea:, then the case of oxidation or reduction of a compound will bear
on its toste ability. In attempting to define generalizations between taste and the
~hysical sroperties of stiirulants, oaly limited correlations result. For examiple,
the relative sweetness of the four monosaccharides fructose, glucose, galactose
and touianose decrease in that order with their half-wave reduction potentials.
When ore comipounds and other physical properties listed above are included
the relationshiy fails (Ref. 5)

Other theorics have attempted to explain taste fromm the standnoint of cell
physiolo;v. The cell mmeambraae has been regarded as a water balanced emulsion
system of water-in-vil aad oil-ia-water tyres and that taste resulted from the

adsorption and surface tension action of substances 1u this systeny and that the
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subsequent changes in cell membrane permeability were due to chanjes in the
phise ratio of the c¢mnulsion types. Then it was proposed that the solubility and
pern;eability in cellular solvents of compounds were controlled by their structure
which deter:::ined their thermodynan:iic activity and thereby their tastes. The
thermodynainic activity was tacen as the ratio of their active concentration to
their solubility. These approaches have not been successful.

The process of adsorption has received quantitative support as being
involved in the critical step of taste stimulation. For example, the sweetness

and conceutration of sugars are related by the following equation

s = Kc™® ()

where S is sweetness; C is concentration, K and m are constarts., This is the
Freundlich ¢quation used to express adsorption from solution on sclid surfaces.
It was found in studies inade on the taste nerve fiber of the rat that ac the concen-
tration of a salt stimulus increcases, the response rises asymptotically to a
qaxieucs level,

It hes been found that geometric and optical isomers have different tastes.
Anti and syn isomers of oximes have different tastes. D-a amino acids are

usually sweet whereas the natural L isomers are flat to bitter. For exawmple:

Isoleucine: d (-) sweet 1 (+) bitter

Valine: d (-) sweet 1 (+) flat to bitter
Lieucine: d (+) very sweet 1 (-) flat to bitter
Histidine: d (+) sweet 1 (-) flat to bitter

Couscquently, the spatial confijuration of a comnound niay have a critical
effect upon its taste. It has heen believed that adsorption on soise stereospecific
surface of the taste orzan is the initial or significant act in the sequence of steps
involved in taste stimulation. The stereospecific surface may be that of an
enzyrue (Ref ). Work on the chemorecentors of the blowfly indicates a possible

role of storcospecific interactions in taste stimulations.
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5. 1.

T her..ical Constitution :nd Taste

Moacrieff has studied the evidence between taste and chemical constitution

ad coiniiled the foliowing list of jencral relations (Ref. 6).

ft
1
F.

O,

The sour taste is characteristic of acids and acid salts. The

prirsary cause is the hydrogen ion,

The desree of sourness ruas parallel with the hydropgen-ion
counceatration, but is anomalously high when the acid has

lipoid-solvent properties.

Not all acids are sour. A bitter or sweet taste may over-
whelm the sourness, e.p., picric acid is bitter and salicylic
acid is sweect. Nearly all acids coataining the group —COOH

are sour.

The salize taste is characteristic of salts. They ionize in the

saliva.

The anion, the cation, coniplex ions and the undissociated

salt all coatribute to the taste,

Salts of low and medium molecular weight are salty in taste,
but heavy salts such as iodides or salts of caesium are bitter.
Heavy cation and heavy anion certainly give bitterness, out if
one ion is heavy and the other light the result cannot be

vredicted,

Beryllium salts and some lead salts are sweet. Magnesium
and ammoniura salts are bitter. Salts of heavy metals such

as mercury usually have a metallic taste.

Substances :nay have more than one taste, e. . p-chlor accharin
is sweet and bitter and pyridine <. 5 dicarboxylic acid is sweet,

bhitter and sour.

Unlike the salt and sour tastes, the swcet and bLitter are not
confined to single chewical groups out are found in particularly

every class,
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10. Polyhydroxy compounds are usually sweet, e. 2. glycols,

sugars (Zohn's sapophore, (OH)x)'

11, @-amino acids are usuallv sweet (Cohn's dulciven groun

Ve & . .
C ). B-and y-amino acids are not usually sweet,
~~ "NCOOH

particularly the latter. The closer together the anino and

carboxylic groups the greater the sweetness.

12. On asceuding a homologous series the taste frequently chanu -es

from sweet to bitter.

13. The iufluence of any particular group i5 less in a lar;e mnle-

cule than in a sinall one.

i, On asceadinc a homologous series taste eventually disaprears,

sirtultaneously with solubility,

15. The presence of three nitro groups in a molecule gives a Litter
tiste. Two nitro groups usually sive a bitter taste. One

aitro-~rous often (ives a sweet taste, e. 2. nitrobenzene.

lu,  Alwvlation of an amine jroup usually gives a sweet taste.

17. Altylation of an amide nroup often ives a sweet taste, e.
a-dirnethylurea.

o

5. Alkylation of an inide proup destroys sweetness, e. 2. N-methyl

saccharin i3 tasteless.

19. Etherification of o hydroxyl .;roup often avolishes a sweet

taste, ¢, g. nlycol monomnethyl ether is not sweet.

20. Many of the chanses which increcase odour, decrease taste and
vice versa. Liroid-soluusility is primarily important for odour,
water -solubility for taste. Strongly saprid substances are often

odourless.

1. Alizylation of the heazene rvin: often vives a sweet taste, e. .

n-tolunitrile is sweet but not benzonitrile.
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The entry of a vheayl srour asually caises a bitter taste,
irrespective of whether it i5 attached to carbon, oxyueun or
nitrogen. This may rartly e due to the increase in raclecalar

weight so caused.

23. Chain branching reduces the sweet taste aad introduces a Ditter

or a burning pungent taste.

24. Introduction of a miethoxy proup frequently gives a sweet
taste, e.g. anisonitrile.

25. Esters with fruity odours usually have sweet tastes, e. g. ethyl
butyrate. Esters of inorganic i1cids are rmostly sweet.

2i. Esters of aromatic acids, sulphinic acids, as well as iactones
and urethanes arc bitter,

Z7. Esters of resorcinol and allied substances are usuilly sweet,

but no general relation exists between the taste of an aicolcl

and the ester derived from it.

2y, Unsaturation often brings unzency, e. . allyl aiirite,
probably an instancce of the cornmoit chemical cflfect over-

poweringe the taste.

Nitroparaffins are sweet, Sut uncaturation and chain Hraachine

v

agive pungeacy and a caustic taste,

30. The amiuo group often brings a sweet taste, especially if the
positive effect of the awine ~roup is balanced by thie proxi:aity
of a negative sroup, such as carboxyl or nitro.

3l. Acylation of the amino roup reduces or destroys the sweet
taste.

32, Free bases are pitter, varticularly al:aloids and tertiary

ainohoniurns bases (Cohn's roups N= aand =N =).
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33.

31,

w
o

3o,

37.

N

41,

{.

i3,

The simiplest antides are »itter. Amides of dibasic acids

are tasteless. Many amides are sweet.

Dihydrazides, where the two hydrazide “roups are close
torether, have sweet tastes (oxalic exceptional), but not where

tar apart.

For ureas to have a sweet taste it is necessary for one of the
NH, vroups to be unsubstituted, hence symmetrical urecas are

not sweet,

Neutral nitrogzen compounds are often sweet, e. g. c-amino

o

acids, dihydrazides, ureas, oximes (usually sweet).
N=
Betaines are hitter (Cohn's sapophore CHZ/ \O),

CO

I the aliphatic series heavily halogenated bodies are often

sweet, e.g. chloroform.

I.i the aromatic series, a halogen in the nucleus introduces a
vitter note. The bitter effect is least with fluorine and sreatest

with iodine

Sulnhur in aliphatic compounds induces a bitter taste. Mer-
captans, sulphides, disulphides, thioa.nides, and thioureas are
oitter (Cohn's groups -SH, -S-, -S-S-, ~CS-). The

sulrhionic acids, -SO_,H, ure sour or bitter.
3

The effect of a sulphur atom as 1 ring rnember is quite different.
he rin: functions as a whole, e. 2. saccharin has heterocyclic

sulvhur.

The clfcet of a sulphur -contairing grour substituted in the
senzene ring is5 to reduce the sweet taste and throw it towards

ditter,

The swoetress of saccharin 1s due to the aaion.  Its alllali and
afaline varth 5.lts are sweet, but saccharin salts of heavy

nretals are astrin ent,
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51,

The sweet taste of saccharin is lost if the sulphimide riu; is

opened or if t” e imide hydrogen is relaced.

Substitution in the benzene riny of saccharin reducss the swect

and sives a bitter taste.

-alkoxy phenyl ureas are sweet, e.pg. dulcin. If the terminul

NHZ group is substituted taste is lost (cf. 35).

Doublin ¢« of the phenyl group inhibits the taste effect in both

saccharin and dulcin (cf. 22).

Small changes in the ethoxy group of dulcin to methoxy,
hydroxy, chlorethoxy, etc., leave the sweet taste still there,
but larger groups like propoxy and acid groups destroy the

sweet taste.

Substitution of the hydrogen on the already substituted nitro-en,

cznso-i- »-NH. CO. NH, (underlined), leaves the

sweet taste bDut gives a bitter after -taste.

Soi.e aldehy les are sweet, but no <etones. Semicarbazones
of swceet atdenydes arce less sweet, and phenylhydrazones are

uot sweet. Oxiines eften are sweet.

Certaiu sapophore groups are often associated with swect
tastes and others with bitter tastes. The most i.msortant ~re

H
3-n
sweet: (OH)n’ —CH(NHZ)COOH, --C\ ,» —CH, O NO .
Cl 2 -

n
bitter: (NO,) >£,EN, =N= , -SH, -S—, -5~5~, ~CS-.

Not only the «¢roups present, but also their arringement deter-

ine taste.
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53. Houwologues usually have <niailar tastes if close to each other
in a seriez, e. . formamide, aceta::ide, propionamide, all

bLitter.

51, Isowuiers with considerably different constitutions have no
taste relationship,

55. Glose 1somers may have different tastes, c¢. . leucine sweet,

isoleaciic swecet and nuncent, but there is usually somne

resetablance.

50, Substitution in the benzene nucleus gives isomers with unpredictable

tastes, Often ortho and para are similar but differcat from meta.

. Stercotsomers ay have different tastes. The dextro rotatory
isomer usually has the sweeter taste, e. g. d-valin sweet,

l-valin tastcless.

56, Taste depends ot only on the groups preseut but also on their

R 1"
arrangeurent 1a space.

5.1.5 Sensitivity

The sensitivity of receptors 12 expressed by the threshold concentration
aecessary to elicit a minimum resnoase.  This sensitivity is reated to the 1 nd-

inz streanth of the stir-ulus to the recentor site if one considers the fandamental

o -
( I . .
taste cquation, s— = —— + T because if the concentration of the stimulus
s

RT '{s
is decreascd, the value »f 2/ {s approachces zero, and the valuc of the maanitude
of responsc at threshold coccontration is
Rp = CoKR_ (7)
It can be scen that the threshold concentrat: in, CT' not only dereuds upon the
strragsth with which the stisoalas is attached to the receptor site as measured Dy
the cquilibriva constaat, K, but also upon the maxinvun numnbe - of sites available

for that particulair stu. cias, Rs' Thus, by measuriang thresholds one only obtains
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ro.ative ceasare of the bindiug streapth of a serres »f sabstances in those cases
wher. 1t is certain that the maxunum wummber of availa»le sites for these s in-
stencee 1s constant.  Since R8 may v:ry with the tyre of sti.aulus, then the thres-
ald concentration alone is not 4 300d i casiure of the Linding stren ith of the
stizealus to the rece tor (Retf, 9).

Oac caa deterine if there is a separate sin:le fiver carryian information
adout sweet to the vraion, and separate ones for sitter, sour and icid by dissect-
in free - siagle taste finer and recording its neural activitv. The chauge 1n
resnoasc 15 sit diar to that »»tained from all other seasory cells; that the

reg.eacy of the nerve impulse increases with the intensity of the stimulus to the

-,

recevtor. If i samber of taste nerve {iners is studied, each fiber is observed tn
difier sli:htly in sensitivity fron, its ncichoor, and most of the tibers respond to
two or .core of the sti:null representing different taste qaalities. Thus, the
¢ :.oplex pattern of activity fror. a unt.ber of single taste nerve {ibers 1s thought
to be necessary for quality discricaination {cef. )

(A recertor .oay respond to a stianelus within 30-50 millisec. after it is
anplied to the s.rface of the tonpue.)

Wener first oticed thot the sa:allest differeince 1a the weitht of twa objects

(S

bears a const.unt rejat.on to the wetitht of the oLjects. Weber's Law ay be

exnressed:

AT/T = C ()
Where Iis tatensity of stimules, AT is the siallest noticeanie “hante 1o intencity
nd C iz a constiat. Fochner daveloped this 1dea. He ostuaiated that each dis-

crizarmanle step of stiowulus iatensity corresvon~ds to a uait iacre=ase 1n sensation,
then

AL/l = kis (7)
where AS is the 1:ure1se 122 seasation From this
dS/dl = 1/klandS =alogl +b (10)

This rclationship iadicates that sensation is proportional to the logurith..: of the

sti.oulus intensity (Ref. 11).
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Experiiccatal work on taste and simell indicates that the stimnulus or con-
centration of the sapid or odorous subst.nce must be 1acreased approxunately
30"y to produce a noticeable differcace in sensation, so that for the ~hemical
senscs AI/I has the high value of 0.3, in vision 0 01, in he.ring .1, in pressure
of the siiin 7. U>, and in perception of weight differcnces 7 645 (Ref. ¢).

The minimuwin stimulus refers to that quantity of tuatter which just evoiies
sensation. Ethyl alcohol, C.H. OH, is a compound which evokes sensations of
taste, odor and the veneral chemical sense and it offers an opportunity to compare
the scusihilitics of the three senses. The minimum stimulus for the three is as

follows:
0. 44% wt/wt in air for smell
14 o wt/wt in water for taste

25,5 wt/wt in water for general cheinical sensation (Ref. ).

(€8]

The threshold conceatration for ethyl mercaptan, CzHSSH, is 0.3 x10°
wt/wt which is 100 million tirnes more delicate than that for ethyl alcohol.

If one compares strychnine hydraochloride, one of the most powerful sanid
iostances with inercartan, one of the inost powerful odorous susstances, it can

o concluded that odor is 10,000 tiines as sensitive as taste.
5.2 Odor

The olfictory mucosa lies in the dorsal and posterior part >f the nasal
cavity It is i« pseudostratified columinar epitheliura with no distinct ciiia. The
olfactorv receptors are huair cells which are bipolar und ovil., Electron micro-
scopy iudicaies that there are up to 1,200 hairs per cell. Each hair is 1 to 2p
long aad 0.Qp 1 dia.cter. This increases the sarface area of the receptor cell
sreatly. The scecretionus of the iiucous glands »athe the nasal cavity in a liquid
sheath which 1s tn a constant state of inotion toward the nasonharyix. This sheath
15 coasidered to be very limportant in conveying odorous substarc. s to the receptor
coll since solutility (water and linid) in the waucosa appears to be related to the

adoroas rroocerties {Ref, 12).
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5.2.1 Electrophysioloical Considerations

The electrical responses of the frog's olfactory mucosa were successfully
recorded when odorous air was blown into the nasal cavity evokine a slow nevative
mnonophasic potential. The amnlitude of the response is proportional to the
lozarithm of the stiinulus inteasity. The shane and time course of the response
1s related to the stren  th of the stirnulus., With an increase of ador intensity in
the stimulatin~t air, the potential rises at a faster rate, the crest of the response
broadens and the decay time len:théus. It has been found that durin~ contiauous
stimulation the evoked resnnnse 1a the olfactory epithelium declines from the
initial peak to a lower level which continues throughout stimulation (Ref. 12).

The chan:cs occuring in tne olfactory nerve where odors stimulate the
receptor cells have Heen studied Lut they are not as well known as the analogous
events of the other senscs because I the inaccessibility of the fine, unmyelinated,
weas acrve threads. Adricn has cerfor cd the tmost extensive experitaents ens -
“lovin g f e ware clectrodes aad insertia - them iato various portions of the
olfactory sulb. Buarsts of action cotentials resulted frorn injections of ndor-laden
a.r. These electrical activity records revresented the sumined effect of many

sritaary ueurons (lef, D).

9. 2.2 Mochaasi.s of Odor

So: ¢ of the essential processes involved in olfactory stimulation wiall be
discussoed heve.

As yet, no complete or inclusive victure has been advanced to caterorize
all odorous substances because sany are tutally uarelated nhysically and
cheraically,

Hill und Carother- obLserved a relationship between the number of atoms in
certata .nacrocyclic ring hydrocarbon compounds and their odors. A cedar-type
odor was ossessed by 13-atom compounds, a inush-type odor by those with 14,
15 or 1. atorns, and a civet-tyre odor with 17 or 18 atom compounds., They sunzest
that the autaber of atomns in the ringg, rather than the identity of the reactive
rrouns 1s the sinificant factor within wide limits. Moncricff s:;oests that

odorous suhstances are volatile and soluble (water and lisid) 1n the tissues of the
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olfactory mucosa. The adsorptive properties of the receptors are important to
processes of excitition. Because unly seven elements are odorcus (i, Cl, Br,
I, OZ. as 03, P and As) and six of the. occuny the lowest places ia the electro-
chemnical series, Moncrieff corrclates the disposition of an elemeat in the elec-
trochemical series with odorous properties. Substitution groups in organic com-
pounds determine the strenath and quility of odor. Leoge has hypothesized that
ndorous substances .iay react with (ron, s oa the nrotein and lipoprotein fili
surface leiding to the rupturc of the protein b»onds and a rreat increase in their
arca The =5$-S- Hond is very i'nportant in maintainin - »wrotein structure, and
rarture of these bonds by mrercarptans tni “ht exnlain why these substaaces are so
seacitive (Aol 1l),

Adria: has related the pronertias of clectrical discharaes with four rroups
of cubstaaces., Acctonce 1s a ncicaer of @ grouys iacludin s 4 uyl and ethyl acetate.
Benzeue oel mis to an wromatic hydrocarbou jroup, octaae to a sroup of parafiin
hvdeconroens and heavy oils; and i “entane to a group includin. tie terpenes
{Ref. 1.).

Ti:e ability of -nietals to adoorh and retain odors was tested v Deinin er
and Sullivies who touad that many metal surfaces pick up, modity and distort
odors ({(1 l..)

AMany encvine theories have been nroposed.  Ale-ander sun ested that odor -
sroducin . susstances atfect the catalyst halance of the recestor cells,

Kistiakows .y elasorated this theorv and hypothesi-ed that the ctan e in concentra-
tion of the products of the rcaction cause excitation. Suraner crit cized this
theory aad stated that odcrons substances in the concentrations needed to evoke
responses would not aff:ct the Xnow: ¢nzymie systems and that this theory necded
new and unusual enzyimes {(Ref 12) No one has explained how a chanse in con-
centratioa causced by 1nactivation ot an envyme coild stimualat: ollactary nerves

Goldwasser suggests that the cneryy nceded to stimulate oltactory recertors
ay cownne from Paualing's clectrochenical ¢nergy source derived troin the chun e
nf woud:.i; angles w thin a r.olecule when it joes into solution {Ref 12). Many
theories relating clectrorcanneti . radisrtion or molecular vibrition to olfaction
have seen ~rovosed. There s no exnerimental foundation 1or the concept that the
casenttl mrooerties of odor result fron radiations inherent in molecular behaviory

It has beca shown that cortain suostinces have the saine odor but diftereat 3pectra
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wiere AMher sunotoace who have odoe tical © e stra sraell differently such as

ac
cove d-and l-ison er . Electrical resnenses were not recorded when the olfac-
torv niucosa was covered with o thin tlastic o2 ooLraue which allowed the pass -e
of 1afrarcd radiation hat preveated hisical cortact by the stimulating particles
(el 1o).

Moncricelf {{c¢f +) has devoted 4 chayter ' his bocl thy the "Physical

Properties of Odorous Materials', whereia e discussed work doue and theories

of odorous substanc:s in relation to vapor nressure, solubility, infrared absorp-

t.oa, ultra-viclet absorption, ultrau-vioiet 1rradiation, refractive index, Raman

efloct, s ray clectricity, diffusion, diar ;agnetisi., dilution and adsorption. He
has lso wc.u.gulated coch tafor sation relatine cheiaical constitution and odor

After oxa oianoy the Literatoee he seiectd the followin.s eacral priaciples statin:

! i .

1\

thot “they are open to criticisiy, out the suoject is 1a 4 early stage of develop-
“rent, and i they are cr.ticazed and roplaced by a Letter lot they will have served

P le Lur s el ).

} t Tron wound s of differeat constitut’ons may have siailar odors,
| ¢. .ocaimrmhor, st waonyl aleohol, durene.

<« Coipounds A very situilar coustitution may bave difierent
odor~. If, however, the coastitutional differences irc slight,

odor d fferesces are  cnerally correspondingly sl tht.

3 No elewne: t wlach occurs free 11 nature is odorous under normal
conditions, hut clementar. arsenic 1s odorous if heated and

viporized.

4. Seven of the elevents are odorous, vis. fluorine, chlorine,

droncine, wodine, phoopnorus, srsenic, oxygen (us ozoae).

>. Polyoserizanon reduces or destroys odor whether in elemsents,
! «. . red vhocsphorus, or 12 compounds, ¢ . lyanle,
. I ’ b Y

6. The elements ;jive only two .1ads of siacli - 'haloven " and

"zariie - which ire possiLy frindaniental or pure odors.
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Ability to function in a hi -h state of valency is productive of
odor. (The halocns are o Group 7, oxyacen in Group 6,
and phositiorus :nd arse.aic in Group > of the Periodic
Classification. )

Electronegative or aon-uetallic character is allied closely

with odorant properties. Elements at the bottom of the electro-

chemical series are odor -producing:

Elcctropositive elements sup»oress odor formmatiou., (Those in

Groups | and 2 or at the top of the electrochemical series )

Silphur, selenium and tellurium compounds often have vile

siells whilst their oxygen analogues are odorless.

Coinpounds of phosphorus, bismuth and arsenic «ften have

arlic.y odors

Unsatiration enhances odor but does not initiate it. (The
parafiins are odorous )
In the paraffins, straiiht and cranched-chain isomers have
sinilar odors, and the position of the double bond (if any)

is unilinportant,

in .« homolo ous series the odor will rise to a maxiimuic as

we ascend the scries and will then fall off owiu t» decreased
volatility.

Unsaturation ofter introduces an irritant note to the ador,
varticularly 1f close to a olar rron, ¢. . ialinhatic aldehydes
and acids.

A tertiary carbon atois will frequently induce a camphoraceous

odor.

The osmophoric mafluence oi the vlhienyl srour is strom. {t
overcomes that f alcyl etler sroups and also of the amino

HToup.
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138. The iatroduction of a hivdroxyl vroup frequently depresses or

abolishes odor, e. . aliphatic acids.

1. Aromatic acids are usually odorless, whereas most alivhatic

1cids are odorous.

2N, Fully reduced aromatic bodies have ndors siiailar to those of
tatty substanceu, e. . cvclohexane, hexahydrobenzoic acid.

21, 7ully reduced heterocyclic Lodies also develop aliphatic odors,
.. asiveridine,

240 Esters have {raagrant fraity .«dors. This includes esters of
weall inor "anic acide s'.ch a: boric.

23, Stron: odor i often found accomaanicd by volatility and
<heniical reactivity, e. . aldchydes. Chemical reactivity
and unsaturation run parallei to odor.

24. Esters of diacids have -ood odors, but those of dihydric alcohols

have weai odors.
Z5. Ketones peunerally have »nleasant odors.

2{, Whereas introduction of a1 hydroxyl croup frequently destroys

odor, the etherification of this ;roup usually restores the odor.
247, lL.actones have frasrant ester -like odors.

28, The alkyl halides have sweet srnells, which become heavier in
tyve as we pass {rom cllorine to bromine and to indine. Two

or three halozen atoms j.ave an additive olfactoury effect.

29. When 1 halogen is already a substituent, a hydroxyl group

behaves abuormally and increases the odor.

30, The odor of amines 1s 1nore amroniacal when concentrated
than when dilute, and the fishy odor is stronper in dilute than

in concentrated solutions.
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31,

39.

40.

Nitro~en compounds frequently have an "animal" odor.
Cormpounds not containing nitro ien do not ordinarilv have an

""animal" cdor.

An oxygen linka~e is frequently associated with a rleasant

odor, e. .. esters, lactones, nitrates.
Many nitriles have a bitter-almonds odor.

Corapounds in which an element functions at a valency lower
than its rmaximum usually have offensive odors, e. s, hydrousen

sulp;hide and the isonitriles.

Many sulphur comnpounds, particularly where the sulphur is

divalent, have offensive odors, e. . mercaptans.

Sulphur and nitrogen and oxycen atoms in a rin:; do not play
their usual olfaclory role. Their influence is subordinate to
that of the rin:g, e. . thioohea, furan,

If a hetero yelic body is completely reduced, the sulphur or
nitroen or oxycen atoms regain their normal olfactory effect.

Whereas unsaturation is often a contributory factor to odor,

rin uasaturation appears to have a negative olfactory action.

Thae main factor in deteriainingy odor is the architectural type

of the molecule.

The osmophoric jroups play a part subordinate to that of the
architectural style. In small molecules this part is ‘reater

than in larse molecules.
The olfactory offensive and delicious are often closely related.

Son.e substauces chan:e their odor on dilation, e. r. indole,

Allline s,

Ia ring comnounds, tiie number of ring members often deter -

iiines the odor:
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5-6 members give bitter almonds and menthol odor.
6-9 members give transitional odor.
9-12 mnembers ive ciumphor or nint dors.
13 mewmbers sive woody or cedar ndors,
14-10 members :ive st and pcach odors,
17-15 1rembers jive civet odors.
More than 15 give faint or no odor.

The odour of compounds with rings from §-20 rme.abers is

largely independent of the substituent groups.

For a musk odor in macrocvclic compounds the basic riu ;
structure must be between 1! and 19 atoins, and at least one
carbonyl or imine r'rouyp is necessaryv. Musk odors are not

cenfined to macrocyclic compounds.

Ouic heterocycelic atom iacrceases the odor of macrocyclic
compounds, two reduce it

I the ionones, the position of the double bond in the ria: is
ualsinoertant, but unsaturation in the side-chain is essential
for the violet odor.

Arsenic comipounds are usually carlicky or ill-smellin-
(-acodyl), but not if the arsenic is a heterocyclic tember

of a rina,

In « inixed ether-ester coraisound, the ester zroup has a
doviiaant olfactory offent,

Branclun of a chain usually enhances the odor.

There i5 no relation between the edors of isomers with

1. cortant structaral difrerences,

Structurally sinvlar isomers usually have sumilar odor:. Az
the difference in molecul. r structure or architectural styvle of

isoniers increascs, so d~ odor differences.
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The position of a sidc-chain influences the odor. The nearer
the side-chain to a polar roup, the stronger the odor, e.

a-substituted lactones have stronger odors than y-substituted.

53. Position isomerism in the benzene ring has a marited influence
on odor, e. . o-biphenylyl ethers are odorous, para are
odorless.

[
¥a

. The l. 3.4 arrangement in the benzene r.ng usually leads to

a pleasant odor, but not if the substituent groups are heavy.
3%, Para-substitution often mtroduces a soft anise note.

5. Meta-substitution usually enliances the power and punsency

of au odor.
7. Ortho-substitution often ~ives a floral odor.

33, With cqual substitueats the para influence overwhelms the

ineta {(or ortho) - if both wre present,

56. Where methyl and chlorine occur as substituents in a benzene

rias the lutter has the -reater influence.

4. The odor of a substituted aromiatic compound depends 1r.ore

on the position than on the nature of the substituent nroups.

61, Sterevisomers may have different odors. The differences are

not usually very preat.

€2, Flaallv, the seneral conclusion is that odor is determined by
the architectural arran einent of the immolecule. Osmophoric
iroups (sic) have a sccondary influence, only in so far as they
rmodify the reneral arranvement. The great difficulty is, of
course, the subjective nature of odor classification. Once
tihis difficulty is removed .ud it is possible to define exactly
the quality of an odor, then logic and precision will reduce
chaos to order, and the rdlation between odor and ciwaical

counstitution will be disclesed to us with mathematical exactness.!
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A history of "Theories of Odor'" was presented by Moncrieff. He believes
that, "all contain some of the truth, but none all the truth. .. together they may
embrace most of the truth. ' The theories contain the fcllowing :nain factors:
volatility, solubility, reactivity (olfaction probably includes some chemical
reaction), and vibrations (intramolecular).

More recent work has placed emphasis on the stereosnecificity of chemo-
receptors insofar as the scnses of taste and odor resemble other physiological
responses and are subject to the '"lock and key' notion of biological activity.
Certain druzs in seemingly diverse chemical classes actually have a resemblance
in sratial shape and charge distribution. It is not necessary that the whole mole-
cule fit the receptor site to elicit a biological response but that only the "active
portion' must fit the major portions of the receptor site. An application of this
"lock and key'' concept can be found in the development of PAM, an autidote for
the toxic nerve poisons, which is effective against the alkyl phosphates - the

most powerful chemical warfare agents (Ref. 5).

5. 2.3 Absolute Sensitivity of Odor

Up until a few years aro, quantitative studies in olfaction were rare and no
complete set of data was available with which the sensitivity of single olfactory
receptors could be calculated.

The following six steps are involved in the calculation of the sensitivity of

individual olfactory cells from the work of Stuiver (Ref. 3).

1. The absolute threshold of the organ as a whole, that is, the
minimum perceptible number of molecules, No entering the

nosc¢ under optirnal conditions

<. The fraction, f;, of the inhaled air that passes through the
olfactory slit.
3. The fraction, f,, of odorous moiecules left in the air whena

it reaches the olfactory slit. This factor, f., is smaller
than unity, because part of the molecules will be adsorbed

on the mucous membrane that covers the nasal cavity.
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4. The remuiining molecules that pass through the olfactory slit will be
effective cnly insofar as they hit the epithelium (fraction f ). The
3
number, N, of ¢rdorous meolecules reaching the epithelium is then

given by:

= f
N NeLE, (1)

5. From N and the number of sense cells in the epithelium it is possible
to calculate the average number of molecules per sense cell. A
simple statistical analysis gives the minimum number n of molecules
to which a cell must respond. If one were to assume a high value of

n, stimulation at the actually observed threshold wculd never occur.

6. Finally, the steepness of the frequency-of-smelling curve gives infor-
mation about the minimum number of molecules involved in the process,

A brief discussion of thesc six points follows:

The threshold depends on the time of presentation of the stimulus, concen-
tration of the odorous substances, and rate of flow of the carrier gas (usually
air). The rate of breathing is 250 cc/sec/ nostril. For short times of presenta-
tion of stimuli the threshold expressed in number of molecules is nearly constant
but for longer stimuli it becomes proportional to the time of presentation which
means that the concentration is the controlling factor.

The nasal cavity can be compared to a slit with a width of 1 to 2 mm. The
area of the senscry epithelium or olfactory slit is 2. 5 cm?. For normal breath-
ing it was found that 5 to 10% of the total flow passed through the olfactory slit,
and thus provides an estimate of f in Eq. (11).

It is known that odorous sublstances adhere strongly to the mucous mem-
brane of the olfactory epithelium probably because the concentrations are so low
that the amounts of odorous compuund are not even large enough tc leave a mono-
molecular layer on the surface. Assuming a complete lcss of the odorous sub-
stance after collision with the wall, the amount 4 left after time t sec. is:
o~ DI %/d?

a=a
o

(12)
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where d stands for width of slit (approximately 0.1 c¢cm) and D for the coefficient

of diffusion of the odorous substance (0. 08) then

-80t
e
o

(13)
Where the rate of decrease is the same, whether the gases are at rest or flowing
laminarly.

For the rate cf brcathing V c¢m?® sec !, the time of transport from the

entrance of the nosc to the epithelium is about 2/V sec. Substituting in

ecuation (12) gives:

e -(80 x 2) /V

» (14)

a/ao =f

since V (per nostril) is 250 cm3/sec then

-0.64
e

f = < 0.5 (15)

2
substituting in ecquation (12), the fraction of molecules adsorbed is

f = l-e -80t
3

(16)
for normal breathing the result is

f =0.5 (17)
3
substituting in equation (11) a value of 2% is obtained for the fracticn of inhaled
odorous material adsorbed in the clfactory slit. The other 98% is lost.
In order to calculate fZ and f3 the assumption was made that each odorous
molecule hitting the mucous membrane adheres there for a fairly lung time (of
the order of a second or more.) However, this assumption does not appreciably

affect the following conclusions.
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The threshold for mercaptans is 109 molecules of which 27 or 2 x 107 are
adsorbed effectively on approximately 4 x 107 sense cells which averages to 1/2
per cell. Assumin: that n or ..ore inolecules are neccssary to excite a cell, the
probability :s that at least one cell will be encited since one cell at least has to
be excited in order to produce a seasation. [f 1 ic set too hi:li n» sensation would
occur {or threshold values that have actually beea observed. The assumption has
been inadc that the odorous innolecules are evenly distributed over the sense cells.
However, not all molecules hit efiective sites and not all cells may be effective
for the odor. Hence, this all leads to lower values of n. The value of n, derived
under modified assumptions will be much lower than 8.

If one studies the steepness of the frequency-of«smell curve which relates
the freguency of a sensation with the intensity of the stimulus, the steepness of
the curve gives information about m, the number of molecules involved in pro-
ducing a sensation. The data indicate m to be 40 which means that 40 cells may
be necessary to produce an olfactory sensation assuming that each cell responds
tc a single molecule.

Thus, in summary, the threshold of one human olfactory cell is at most 8
molecules for appropriate odorous substances and that at least 40 mcolecules

are necessary to produce a sensation.

5.3 Summary

Man is faced with many challznging problems in his attempts to design
physical analogues of the biolugical receptors. The high sensitivity and short
response time, characteristic of the more retined bioreceptors, have not been
equaled by physical transducers. A few, or possibly even one molecule, by
operating on specific chemoreceptors can cause an irmpulse to travel along a
nerve fiber utilizing metabolic energy, and prcducing an electrical signal that
can be detected by comparitively crude means. The site is then restored to its
original state in a fraction of a second so that it is capable of firing more signals.
This process is so efficient that biosensors are certainly worthy of detailed
studies for potential applications. The gas chromatograph is the closest physical
detection analogue to these chemoreceptors. It might be possible to (1) modify
the separation column or ~bsorber in 1 gas chromatogriph in such 1 way th-t it
i3 1 chemical duplic:te of the mucous membrane of the nose or even to incorpor-

ate the biosensor tissue itself into the instrument, and (b) to improve the detector
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‘. recoruer Ly introuauciug <oute computer techmisjue to the outpur of the i.s

chiroaw tosr pooso oo toon smalytic 1 tool wvould Le ~viil Lle toit vould be capable

'

1

of sep r iin: nu bientilyin: (ter ¢ liurstion) «s many odors 15 the nose with
a2 s oume gl leree of vensitivity, o hd ner Jdeyree of objectiviiy, 'nd in ibsence

Jec -u.e of the i1 senaitivily of bivsensors, these recepiors would make
e-cellent W 1 rns if incorpor ‘ted into physic 1 tr imscuzer systeins. The
pre.ent document u .~ ~nowvn potenti-l viluable »pplic tions for investiy itions to
.eter:ine tine feasibility of usia; living tissue, organs or nim-=ls (insof .r ns the
Al 11 supporiin., speciiic receptor tissues) vs primary sensors. Alon:y these
chimaels, Allie. Rese .rell ras lso been interested in TW -~ ents 1ot letectad by
e senses such s cert.ia nerve gases, whose presence in very st 1l quintities,
‘re difticult to ueteciu. Allied ese:rch has proposed tl.it, wviti the i1 of
riuio ctive rtechnique, eti.ods for detecting nerve 4ises present in concentr (ticns
of les= t. 01 . lmupin/ o of »ir ¢ n be levised. From such evelopulent, -
weluou for . rpid continuous imonitorinyg systein suit ble for lield use is expected,

Some general avenues of approach for improving physical instruments should

involve studies concerning the [ollowing bioclogicil structures :nd principles:

a) investigations of semi-permeable membranes in order tc find one
thet allows rapid diffusion,

b) investigation of substrates having high adsorptive power for the
molecules (stimulus) to be detected,

€) an investigation of how adsorption "triggers" diffusion and,

d) how diffusion generates voltage.
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6. Thermoreceptors

Thermodetectors in the tissue of living things function as temperature

sensors. They occur either as cold or hot detectors associated with a small

sensitive area of the skin known as a spot.

I= general cold spots are far more

aumerous than warm spots.
skin is given im Table 6-1.

The distribution of warm amd cold spots in human
{Taken from Ref. 1).

TABLE 6-1

DISTRIBUTION OF WARM AND COLD SPOTS

IN HUMAN SKIN *

Cold Spots Warm Spots
Forehead 5.5-8
Nose 8-13 1
Lips 16819
Other parts of face 8.5-9 1.7
Chest 9-10.5 0.3
Abdomen 8-12.5
Back 7.8
Upper arm 5-6.5
Forearm 6-7.5 0.3-0.4
Back of hand 7.4 0.5
Palm of hand 1-5 0.4
Finger dorsal 7-9 1.7
Fimger volar 2-4 1.6
Thigh 4.5-5.2 0.4
Calf 4.3-5.7
Back of foot 5.6
Sole of foot 3.4

% Number per cm 2
A\ After Strughold and Pors (Ref. 2)
¢ After Reim (Ref. 3)
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wConcerning the thermal seasitivity of animals, our knowledge is very
scarce and scattered. Until receatly cold-blooded amimals were not believed to
possess amy specific thermoceptive organs. Saad,using electrophysiological
methods,discovered that the Loreasinian ampullae of Raja reacted to cooling. The
Lorenszinian ampullae of the elasmobraachs are situated laterally in the regiom of
the head and comsist of a group of small mucous cysts lying subcutaneously.

They are supplied by afferent fibers from the facial nerve.n

"The facial pits of the pit viper (Crotalidae), which origimally were believed
to function as mechanoceptors specialized for the detectioa of air vibratioas,
were clearly shown by Noble and Schmidt through behavioral experiments to
detect the body temperature of the smakes' prey. They proved that snakes with
the other primcipal sense organs of the head monfunctiomal can still strike cerrectly
at moving objects and can discriminate betweean warm and cold ones as long as
the pits are uncovered. The organ comsists of a small pit about 3 mm in diameter
covered by a membrane 15 u thick. This thin membrane is the innervated seasory
surface. Leading off from microelectrodes, steel nsedles with tip diameter of
about 3 to 7 u imserted into the membrane, Bullock and Cowles, Bullock amd
Diecke, and Bullock and Faulstick proved that the afferemnt nerve endings serve as
infrared receptors. They are, so far as we know at preseat, the most densely
distributed warm receptors and the most effective organ for imfrared detection
withia the animal kingdom. Ia mammals cold seasitivity seems to be located
particularly oa the bare parts of the mose and on the tip of the tonague. More
details are not available as yet. » (Ref. 1)

In some parts of the skin the thermoreceptors have been found to be the
Krause ead bulb for cold and the Ruffiai emd organa for warmth. They are located
at a depth from the surface of about 0.17 mm and 0.3 mam respectively. Whether
the Krause .and bulbs are the receptors for cold in other parts of the skin is still
uncertain since conventional histological methods have failed to reveal any emd
bulbs of the Krause type ia the skin underlying the cold spots.
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The response time to a thermal stimulus comprises the time of propa-
gation of the thermal wave through the skin, the lateacy of the thermodetector ad]
the nerve transmission time. Typical figures for recordings made in the lingual
nerve of a cat in response to a cold stimulus on the tongue are: total response

time 0.015-0.07 sec, physiological latency 0.003 to 0.005 sec.
Threshold temperatures for onset of a warmth seasation averaged over 8

human-subject experiments, are given in Table 6-2. (Taken from Ref. 1).

TABLE 6-2

THRESHOLD TEMPERATURES FOR WARMTH

DURING HEATING OF BODY IN CLIMATE CHAMBER *

Rate of Increase Forehead®C  Abdomen®C Hand®C Foot°C Integrated
degrees/sec Skin
Temp C
0. 001 34.8+ 0.3 34.5+ 0.6 3.7+ 1.1 31.5+1.1 34.2+0.6
0.002- 0.003 34.7+ 0.5 34.8+ 0.8 3.5 +1.9 31.5+ 1.9 34.3+0.94

* Average values from 8 experiments[From Marechaux and Schaffer (Ref 4)]

In conclusion it seerns that there are not a great deal of data available
concerning thermorecepturs in living organisms. From the limited data that
have been surveyed it has not been possible to formulate any engineering appli-
cations. Generally speakimg, adequate thermodetectors are available in our
own technology. It is conceivable however that further study could lead to the
generation of applications, particularly to reproduce the small size of bio

thermodetectors.
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/. Elcetric and Muagrnetic Receptors

The ability of certaiu fish to generate electrical Jdischarpes has been widely
known for sui.e tine, More receantly it has appeareu that some of these electric
fish arc capable of locating cbject: in the water. The role of magnetism in anin.al
vehavior is neither as well understood nor universally accepted. he preluninary
exan inati.n of the literature perforn ed under the present study indicates an
accelerateu interest in both ficlds, and indications are that the coming year will
brin: a considerable arrount of new data,

-y

".1 Electric Recejtors

Ainon,. the antiuals inhabiting the earth, only fish, both ncarine and fresh
water {.r..:5, are tnown tu exhitit the abilit; to senerate electrical pulses., This
property is not restricted to a particular ;roup of fish; it is found in both the
claru.ol.ranchs and teleosts. The generating eorzan itself is found in various
locativns on the body of the fish. It is founa in the modifiea pecteral fin region of
rays, anl in the caudal repion of bony fish,

TChe electric ficld serves two functivns: ia the case of Electruphoreus, the

S.uta American electric ecl, or T rpe.ls, the elcctric ray, its functiva is offense
cr defense. In the fanailies Mormsyridae and Gyimnotidae the electrical discharges
are apparently used fur ubject lucation. For examnple, within the family Mormr yri-

Jae, Grmnarchus nil ticus continuously iischar, es luw voltage electrical pulses

into the surrounding :nedium fur object detection. Mourtinyrids and Zymnotids are
most comnmonly found in thuse arcas of Africa or South Junerica where streams
arc senerally very turlid auring the Jdrv seasons and increase in turbidity during
the rainy season when soil erogsion is at its mexin.um. Urnder these conditions
noriual wcular sensiny (visica) is of little value, and because of this the eyes are
very poorly developed. The evulutionary process has resulted in the forimation of
or _ans that prcduce electrical discharyes;theseorgansarisefrom multi-nucleated
inruscle fivers.,

Thuse tishes chat usce their elecirical dischar,es for object location also
pussess electrical sensurs. Thus we iuay speah of anactive cbhject-lucating systemns,
the eacr.y fur which is furnished ultiately by metabulic processes within the
fisn. Iicicaticng are that this systers possesses som.c interesting Jata processing
capau.lities. In the course of thic inve:stigatios, ne eviucace has been found to date

of the existence of any passive electrical detection systems.
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The cobject-locating systeni n.ay be thouzht of in terins of three components -
a transnpiitter, a recepter, ani 4 data processing schen.e. The transnitter
apparently operates continucusly, day and nipht, producing an enudless pulse train
of which the pulse duration and pulse frequency are different and characteristic for
each species. The pulse frequencies range fron: slizhtly less than 50 cps to a few
huindred cps. The frequency appears to be constant for a given fish and does not
change when the presence of an ubject is detected,

The trarsn:itting or:ans are {ound in the tail region lying parallel to the

spinal coluan. In Gymnarchus there are four organs per side, while the other

mmory yrids exhibit twe cripans to a side. A transn.itting organ is made up of
many cclls placed side by side anteroposteriorly. Each cell i{s ceparately
innervated froi the miotor nerves of the central nervous system; it is surrounded
by a pelatinous matrix which in turn is encapsulated by connective tiosue. The
clectric irapulse is believed to be triipered by a chemoresponse (acetylcholine)
at the nerve enauing of the indiviaual orzan ccells.,

The receptor vreans have apparently been the subject of sounie controversy.
It is now thouyght that the lateral line system, with its various ramifications over
the head as far back as the posterior border of the upercular recion, is an
electrical receptor. Althoush no definite conclusions have been stated, certain
~lindular sense or-ans called morinyrormast cells, found within the lateral line
systerr, wway be the true recepters. These orzans may be able to sense any
rminute distortion of the electrical field established Ly the transrnuitter crzan. The
su;estion that n:orrayromast-type structures are clectricul receptors was put
furth by Lissriann (Ref. 1); these structurcs are situated in the skin and cominuni-
cate with the surface by jelly-filled canals.

Cunsider the electric ficld gencrated by the trancsmitter electric organs. For
a statiunary [ish in ap iafinitely lar e tank the lines of current flow and the
equipotentitls are sirvilar to Figurce 7-1, and correspond approxirately to thuse
of a dipole current souarce. ““hen an object of o conducti ity lower than that of
the surrounding water is brought near, the pattern becomes like Fijure 7-2A,
while fur an objcct of higher conductivity Figure 7-27 applies. The stimuli
received by eny electrical receptors on the surface of the fish will be n:odified
(Ref. 1). Thus, it would appear that the presence of an object is detected through

its influ 2nce on the electrical profile established over the skin of the fish by the

‘transo.itting clectrical oryans.

|
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The thiri component of the wetection system, the data processin « scheme, :
is less well understood .n.u may be the most interestine featurce of th: detection
system.  Lissmann and Machin (Ref. 1) performed cxperiments to iind how the
poteniial di.tribution around 2 fish would chance in the presence of perturbing
objacts. v voltage was applicd to an clectrolytic tank at two points to simulate
the Jdipole Jdeld of a fish. . he poten:ial in the tank was sampled by pickup
el:cirode: -rran-~ed aroun. these points in the shape of the body of the fish.
With Jdelicate and protracte : measurements it was posasible to loc.ite a large
insulatin - object a few centitneters away from the probe electrodes. However,
with iny . pparatus of only moderate complecity it was impoessible to aetect
casne-es in the potential tdstribution for small anl remote objects which could

c¢a=ily be detected by Gymnarchus. It is thus suszested that a mere samplin s

of potential over the sensitizeu skin area is not sufficient to c<ploin the perforin-
ance o) tae ish in benasvioral stuuies. One is led to suspect the existence of o
mare sophiisticated sensing scheme.,

Th. auuhors of Reference 1 undertook an analysis of electric field confirura-
tions for varidus arransements of objects around the fish. In aduition to c. leulat-
in ch.n-ecs in potential caused by a perturbing object, they investirated the
cnan = of the second space derivative of potential.  Cheir results lew to the
t.llowin conclusions whicn are quoted from Reference 1

"{a) A characteristic uisturbance occurs in both ‘he potential an'!its
second uerivitive around the point on the surface >f the iish nearcst to the object.

(L) The chanaes of potentiul are slowly varyin. «nd extend over almost
the whole of the surface of the fish, while the chances of second werivative ara
much sharper and more closely contined to the part of the fich nearest to the
object

(c) In the second .erivutive mode the greatest sensiiivity is cbtained in the
head-dn position,

(<) Inthe head-on positisn tae width of the peak of second .erivative sives
information a:bout ronte: ot short r.nges o sharp peak flanked by trouzis is
produced, waile at larser rang:es the peak is broaucr No such discrimination is

available in the poteniial mode.

7-5 i




ALLIED RESEARCH ASSOCIATES, INC. ‘7/’,’»-7/
6'»."1__,,** BOSTON . MASSACHUSEYTS
]~ 4

(¢} For the second derivative mode the chances in stimulation of the
reccptors due to the presence of the object are of the same order of magnitude
as tiie .otal stimulation they receive in the absence of the object. For the
potential mode the chan-.2s are about one-fifth of the total stimulation.

({) Mboverment of the tail of the fish produces relatively similler chanes of
cstimulation >{ the s2cond - .erivative mode than for the poteniial mode.

It is clear that the secona-uerivative mode is capable nf the greater
luocation accuracy, and is less disturbed by tail movements. Furthermore,

r 2latively :r:ater changes of stimulation of the receptors are produced by opera-
tion in ta2 seconu--crivative mode. n (Ref, 1).

Th: same paper descriles an experimental program consisting of behavioral
stuzies of a {ish in response to externally applied clectrical fielus. It was
concluded from the results of one of these experiments that Gymnarchus
can udectcect objects by the aisturbance of its own electric field in the water. The
¢<periments uescribed also inuicate the limits of the sensitivity of the {ish.

The cuthors (Rei. 1) conclude that the sececnd- ierivitive modc appears to
be the on: most probably operating in Gymnarchus. The experimentally deter-
mincd limite of detection are discussed in relaticn to the rindom noise in the
receptor civcuits; it is concluded that both spatial and temporal interration are
lilzely tc be ermployed. It is surzesteu that the detection systemn operates with a
lirmitew bene vwidth. This woulu be cquivalent 1o wn inte ;rotion of the si-nal
over - tit.e T ~iven by T = 1/(2 v 4f) so that the reduction of noise is achieve.d
only t thie ¢:ipense of relatively long response tirne. It is further suggested
that spatial ince rution is accomplished by averarin~ (possibly in the centrel
ne-vous system) the response of many nei hhorin - veceptors. 1f o receptors
are thus avera ed, the nrise ¢on be reduces by 2 factor oiNn .

i he authors Jdiscusseu two othar rnechonising that could be employed to
improve *the si/nal-to-noise ratioc for the receptor system es a whole. By
swimmins to and fro near the objzct the fish may tscan' the arca, agiviny . fielu
pottern wnich sweceps over the racepiors in . readily identifiable way. This
‘ives an effective increase of integration time, since the information {rom the

recentars maey be collected over the ivime of one whole 1scant'. Furthermore,
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thz small relative change intimulus would be inuch more readily detected since
severol comparisons could be e de in a short time. [he other tnechanism

invol ves inaibition of the recoptors between transmitted pulses. For a one
millisecond pulse with a repetition rate cf 300/sec, an improvement of sinal-to-
nyise rotic by a factor of about &3 would be obtained in this way Ihis

» blonkin ' weculu have to take place before the pcint at which temporal integra-
tion occurceu; there scems to be no obvious mechunism for carryin this out.
Since the sinol-to-noise ratio is improved by a relatively small factor, it is
unlikely that any very complic.ted mechanism would be involved to give ' blank-
in' of the recepters.

In anostber paper (Ref. 2) the same authors describe further experiments
tac resulis of which appear to confirm taeir postulation of the possible mode of
action of the eclectric receptors.

Whe cloctric receptors are assume.. to be the mormyromasts which must
measure ta: amplitude of a sivne' consisting of one millisecond pulses at a
repetition frequency of about 300 cps; these pulses arc emitted by the electric
(transmitier) or:;;an. The information about the si-nal amplitude has to be coded
and transmiited wovm a sensory nerve in the form of impulses with 2 maximum
rate o thz order of 500 cps. It was proposed in Reference 1 that this could only
be done by tsmootain 't the incomin- pulses and tronsmittine a sensory nerve
si nal characteristic of their me:n value. An inte raticn time constant of about
one .juarter sccond was sugsested for the smoothin, mechanism. This mechan-
ism was reforrea to in Reference 2 as "pulse-frequency-modulationt and was
compared tacrein witn an altern.tive mechanism called t'pulse-phase-modulation™
The c-periinents described were uesimed to distinuish between thc two

mechanisras. The experiments consisted of behavioral studies of Gymnarchus

in an electrclytic tark in which carbon plates werc immecrsed for the purpose

of apuvlying eloctrical stir ali. he stirmuli consicted of Lulses of which

the freaguency, aniplitude, and width were variable. The fich wae traioed to

fec onlv after zensin;t an applied stirzilus.  Aldniirvictraticn ¢f 20 elcetrical
stimulus above threshold brought about a miarcd increase in thc swinir ing speed

~f the fish, a direct approach te the fecding trough, and entry fron: the side
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farthest from tae carbon plates. Thercupon the fish was {ed. This was the
nstanuard response'. Application of a sub threshold stimulus caused no
reactirn and the fish continuea to circle steadily. It was thus possible throuzh

o series of trials to cstablish the threshold of cach of several pulses of differcent
frequencies and pulse widtas.

The thresnold field for the standard response is plotted in Ficure 7-3 as
a function >{ pulse width for three frequencies. _he straizht lines of slope (-1)
indicate tihe relation to be axpected on the basis of the pulse-{requency-modulation
nypctiaesis; their absolute position is caosen to yive the best fit to «ll the results
disnlayed. i'he horizontal line representing the threshold to d.c. agrees well
with the pulse results, e.ch sleping linc cutting it at the appropriate point.
Thus, d.c. c.n be rezarued as one-m:illisecond pulses at 1, 000 cps, or five
millicecond pulses at 200 cps, etc. It is clear th:t the rosults are consistent
witnl tue pulse-freguency-modulation mecianisin.

The dotted line in Fia., 7-3 ~ives the threshold for sinple pulses; the
authors interpraet it a5 further confirmation of the pulse-frequency-meaulation
aypotinesis. From its position relative to those for repetitive stimulation, the
inte rration tire constant of the recepturs is found to be 25 milliseconds.

The recults for o pulse repetition frequency of 50 snad 20 cps (nnt shown
in tae {i ture) indicate that waen the pulse width or interval becomes comparable
with tue inle. ration time constant, tae threshold is ne loner inversely propor-
vonal to pulse tr2juency. Inde:d, the fish is more sensitive to 20 millizecond
pulses at 20 cpi thunto u.c.

An ¢ olanation of this wnornoly can be civen ca the pulse-frequency-
modulation nypothesis by assumin - thot adaptation takes place before the trans-
mission 3i informe:.tivn up the nerve to the CNS (central nervous system)., When
the stiraulas is switchied on, the recoptors integrate with a time constant of 25
millisecond.;, then send a si:mn.l to the CNS characteristic cf the charzce passed
wiriny the inte rraticn. I the stimmulus is continued the sirnal gradually ceases.
Tnus the censitivity of the fish to sin/le 20 and 50 msec pulses is about the

same o to u.c. {(Fig. 7-3).
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I, howevcer, the stimulus is 20 msec pulses at 20 cps, the receptors will
send out a si-nal on the first pulse, rcset durin the interpulse interval, and
send out a further signal for each subsequent pulsc. Thus the effect at the CNS
of pulses spaced sufficiently «part in time will be jrcater than that for a d.c.
stimulus of the same voltagze. The adaptation and resettiny time is not likely
to be less than the inte'ration tirre, and the results from the experiinents indicate
that it is probably of the saine order. The authors anticipated undertaking
further roscurch in this area (Reil. 2).

In reconcilin their values of sensitivity W th the observed intejration time
constints, the authors were forced to assume spatial integration over some
50, 000 receptors. Mere averagine over such a larce aumber would destroy
some of the detail in the pattern of information about the reccptor field. Accord-
in ;ly, they suggest, it is nccessary to assuime that the spatial intesration must
take the fornmi of a pittern recognition process whereby the pattern of informa-
tion {rom the receptors is iucntified with one of a series of stored patterns,
eithe > innate or previously learned. Such a process, they state, is formally
identical with spatial intezration over a large number of receptors.

The sujyzestion that a patte:n reco.nition process cxists in these fish is
perhips the most interesting fecature of the object-loc: ting system. As pointed ouf
in other sections of the present report, pattern reco nition 15 one >f the crucial
arens in vhich we lack adequate understanding. 1hus, althourh it is interesting
thot the individual electrical receptors can probably detect changes in potential
gradicnt on the order of 0.15 uV/cm, the potential opportunities for research in
the arca of pattern recognition may be more significant.

The :lectric receptors themselves proviue an opportunity to study the
gencral methods of sensor operation. [n Reference 1 it was shown that the
threshold of sensitivity of Gyinniucchus corresponds to a chanue of current in a
single receptor of 0.003 wuA A current of this magnitude flowing for 25 msec
(receptor integration time) corresponds to a moverment of 1000 univalent electrons.
The mechianism by which such ~ minute chanpe in current c-n control the

frequency of nerve impulses remains totally unexplained (Ref. 2).
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Most of the studies of clectric fish are very recent. It is cle:.r that
furthicr aduvances in this aren of knowledzre will be of interest to the instru-
mentation en-incer for its possibilitics in introducing new raechanisms for
low-le .2l sinal processing as well 25 new insizht into the pattern recognition

methods ol nature.

7.2 Ma netic Scnsors

Montromery (Ref. 3) raises the interesting point that claims of magmetic
field effects on liviny processes h. ve historically been associated with charlaton-
ism, ana that to this day they are received in many quarters with skepticisin., No
onc .ucstions the effect of yravitational, electrical, or concentration-gradient
fields on biological processes; yet magnetism, as fundamental a phenomenon as
the others, scts short shrift. He expresses belief thit the comin¢ year will
produce a bouy of new data that will support the noticn of bioslo:ical response
to magpnetic ficlds, and indicztes his own inclination toward a positive view on the
matier.

The material examined durin« this study {Refs. 4 throuuh &) consists of
e<tensive behavioral stuldies of the snoil under the influence of ma-netic fields.
Evidence is advanced to support the hypotnesis that the oricentation of snails
nocmally includes a true response to the eartiht's magnetic field (Ref. 4). The
cvidence is base:d upon statistical anclysis of many siunples of the snailst
motions.

It is tempting tc contemplate the possibilities of applyin« sensitive bioloy-
ical marnetic detectors to suca probleras as submurine Jdetection and navijation.
From 2n on-incerin: point of view, however, the rcese rch to date is of interest
only in th.t it suggests that a useful natural phenomenon may exist. The fact
that no specific sensor has been identified with magnetic behavior makes it
clear that any engineering applicatiuon of this bivlogical process will have to be

preceded by considerable and additional research.
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8. Neuron Transmission

Nerve fibers in living organisms serve to convey information between the
brain (as well as certain other nerve centers) and the various sensing organs and
motor muscles throughout the body. The mechanism of conduction and trans-
mission in nerve fibers is unlike that of electronic conduction employed in our
technology.

The operation, even the very existence, of many of the interesting bio-
sensors depends on the peculiar characteristics of the nerve fibers that connect
them to the central nervous areas. Thus, for example, the eye is connected to
the brain by one million nerve fibers, each of which carries a signal which is a
response to a very small input stimmulus, i.e. the arrival of 1-10 quanta at the eye.
If the eye is to be duplicated in our technology, considerable attention will have to
be devoted not only to the sensor itself, but also to the information linkages con-
necting it to the rest of the system for which the sensor is intended. Further-
more, the use of such an artificial eye as a pattern sensor - one of the most
sought after facilities from the bio world - will surely require large scale logical
interconnections between the sensory elements of the eye. This would be cum-
bersome using electronic conduction and discrete logical elements. With analogs
of nerve fibers, logical circuits will be much easier to construct, since each
segment of a nerve fiber is, in a sense, a logical element.

In this section the mechanism of neural conduction is described and a useful
application in our own technology of this method of information coaduction is
discussed. Finally the general characteristics of man made nerve fibers are

considered.

8.1 The Membrane Theory(Bernstein) of Nervous Condition (Taken from Ref, 1)

»Conduction, according to this theory, is a surface phenomenon. The
nerve fiber is surrounded by a semi-permeable membrane or surface film which

is polarized when the nerve is at rest. That is, the surface film separates a
layer of cations on its outer side from 2 layer of anions on its inner side. A

stimulus applied to the nerve increases the permeability of the membrane at
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the point of stimulation with the result that a redistribution of ions and depolari-
zation of the membrane occur. This point of the nerve becomes thereby relative-
ly negative to the imactive (polarized) section of nerve immediately adjacent. A
potential diffcrence is set up and a current flows between the active and imactive
sections. This secondary current in turn causes depolarization and activation of
the adjoining region which, being now relatively negative to the next section,
results in & current being again set up between these two which depolarizes the
latter. Thus the currents set up between contiguous, inactive and active regions
serve as a successive stimuli and the wave of depolarizatiom spreads down the
nerve; the disturbance set up by the original artificial stimulus is in this way
propagated automatically (see fig. 8-1). The depolarized state persists for a
short time after the passage of the impulse; during this tirae the nerve is refrac-
tory. The return of excitability is dependent upon the restoration of the polarized
state. According to the membrane theory the nerve impulse is simply the pro-
pagated wave of depolarization v

"Perhaps the greatest support for the membrane theory is afforded by the
experiments of Lillie who has prepared a metal model which bechaves in a manner
comparable to that of nerve. A film of oxide forms upon an iron wire placed in
stron;; nitric acid. When such an oxide-coated wire is then immersed in a weak
solution of acid, which would cause gradual solution of an untreated wire, no
reaction results. The metal is in a so-called passive state, being comparable to
a restin; nerve. When, however, the wire is vstimulated, ' e.g., touched at one
point with active iron or some other base metal, scratched with a piece of glass
in order to break the protective oxide film, or an electric current applied to it,
a reaction (clectro-chemical reduction) is set up which, accompanied by effer-
vescence and the formation of a dark-colored lower oxide, sweeps down the wire.
If two parts of the wire be connected with a galvanometer a current flows through
the instrument during the spread of the reaction. If the acid bathing the wire is
of a certain concentration, the protective film reforms in the wake of the reaction.
1f a second "stimulus' is applied after the film has reformed, but not before, a

repetition of the phenomenon occurs. The resemblance of the reaction of the iron
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wire to the nerve impulse is very striking. Both are electrical in nature; the
film of oxide is analogous to the surface film postulated for the merve fiber. So
long as the protective oxide is intact a potential difference exists between the
wire on the inside and the surrounding acid. Discontinuity at any point in the
film causes this region to become negative to other regions and a wave of depolar-

ization is propagated to the end of thec wire. "
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Fi;. 8-1 Mlustrating nervous conduction according to the membrane theory.

"In its behavior the wire model shows the following remarkable re -
semblances to that of nerve.

1) The rate of propagation of the reaction is of the same order as that

of the nerve impulse.

(2) The '"'stimulus' must be of a certain intensity (threshold). A
stimulus greater than the threshold causes no greater effect ("all or none"
principle).

{3) The wire, as already pointed out, is irresponsive for a short

time after the rcaction has passed (absolute refractory period); while the film is

reforming the reaction is set up with greater difficulty (relative refractory period).
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(4) when an electric current is employed to activate the wire it must
rise to its maximal intensity rapidly in order to elicit the reaction.

(5) The activating current must flow for a certain minimal length of
time (chronaxie)in order to produce the effect.

vIn the wire model a demonstrable temporary break in the continuity of
the oxide deposit is produced. It is presumed that the excitation of - nerve is ‘
associated with a corresponding change (increase in permeability) in the surface ;
film surrounding the nerve fiber. Though such a permeability change has bean
demonstrated in certain slowly conducting protoplasmic systams, the evidence

| for its occurrence in nerve is indirect. In the case of nerve and other proto-
plasmic systems the alteration in permeability is associated with chemical '
' changes - the processes underlying the excitation of nerve and the transmission |
. of the impulse are therefore, as in the case of the iron wire model, essentially

electrcchemical in naturer (Ref. 1).

8.2 Application of the Neuron Transmission System

The contrast between the neural mechanism of information conduction and
the normal electronic method used in our technology is of great interest. Neuron
transmission involves, essentially the propagation of an electrocheinical anomaly.
In some respects a nerve fiber mmay be thought of as the limiting form of a chain
of flip-flops in which the number of these logical elements per unit length has
becoimne infinite. Individual nerve fibers are very small (e. g. the optic nerve
trunk is only a few millimeters in diameter yet it contains about a million individ-
ual fibers). The materials out of which nerves are made do not include very good
electronic conductors or insulators. The rate at which information is propagated
along individual nerve fibers is relatively small, of the order of 10-100 bits per

second. Thus, when large amounts of information have to be transmitted, as in




P
ALLIED RESEARCH ASSOCIATES, INC. i)
lfl.".‘l__.. BOSTON, MASSACHUSETTS

the case of the retina/brain link, recourse is made to the use of very large
numbers of individual fibers. In our technology such large data rates are nor-
mally transmitted over a single high frequency cable.

The contrast in information transmitting techniques between our own and the

bio-technology prompts the followin: two questions:

a) Why are the techniques of our technology (which seem so

satisfactory) not used in the bio-technoloyy?

) Have the bio-techniques any useful application to our

owa technolony?

The answer to the first question can only be but speculative. The funda-
inental differences between the two technologies, as discussed in Section 1.1,
arc provably relevant. The bio world seems to be devoid of good electronic
conductors and insulators. High frequency techniques such as time division and
frequency division multiplex are nowhere evident. Thus, it may simply be the
zasc that the inforimation transmitting techniques of the bio world are a natural
con: :quence of its technological limnitations. ‘

However, the possibility remains that in some way the bio-techniques are
inherently superior to our own, and this leads naturally to the second question
posad above. To attempt an answer, it is necessary to postulate a specific
apolication or criterion for immaking comparison between the transmission tech-
niques. For this purpose the ability to transmit large amouats of information by
means of a cahble of very sinall cross sectional area will be considered here as an
exainple. ‘luis is not in any way a general criterion of usefulness, but it is
interesting, partly because of the inherent micro nature of the bio-technology,
and also because very high data rates per unit cross sectional area of cable may
well be required in computers of the future: the trend in computer technology
is to smaller size aud hivher data rates and data volume.

There are many practical liinitations involved in the design of information
transmission systems However, the ouly fundamental limitation considered here
is thermal noise together with certain basic properties of transmission lines and

cables,
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Suppose that it is desired to transmit information between two points by
means of a very thin wire. Iu order to accomplish this, a certain minimum
signalling power is necessary so that the received signal may be at a desired

level above thermal noise. Thermal noise power is given by

Wy = 4k Tf

where k is Boltzmann's constant, T is the absolute temperature and f is the
bandwith over which the noise power is totalled.

Now with a very thia cable the problem of power dissipation in the cable,
due to ohmic losses, is important. As the cable gets smaller its resistance gets
higher and thus unless the load and generator impedances are made equally high,
more and more of the signalling power will be dissipated in ohinic losses in the
c.ble. However, making the terminal impedances high is not a profitable
solution for the case of high frequency transmission. Except at low frequencies,
the cable characteristic impedance must be matched to its terminal impedances,
and if these are high then so also must be the cable impedance. A high cable
characteristic impedance can be obtained by making the ratio of the diameter of
the overall cable (e.g. the outer conductor of a coaxial cable) much larger than
the diameter of the individual conductor (s) (e.g. the center conductor in a
coaxial cable). Thus, if there is to be fixed value of overall cable cross sectional
area, the impedance of the cable can be increased by using a conductor (s) with
a cross sectional area much smaller than this available area, the rcst of the
space being filled with air or other dielectric. Thus, any attempt to make a high
impedance cable results in an increased value of ohmic resistance which in turn
requires higher terminal impedances. Beyond a certain point this solution is
self defeating. What is required, of course, is a minimum value of the ratio:

ohmic resistance of cable conductor
charactsristic impedance oi cable

8-6
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for a given overall cable size. This minimuin value exists, and in the case of a
cuaxial cable, occurs when the characteristic impedance is 77 \feﬁ; ohms
where e is the permitivity of the dielectric and € is the free space perinitivity.

Thus, with high frequency transmission, most of the signalling. power will
be dissipated in ohriic losses in the cable as soon as the ohmic resistance of the
cable is higher than 100-1000 ohms.

The thinner the cable the more power will have to be transmitted — in order
that the received signal may be above the noise. A higher power requires a higher
voltaze. However, as the cable is made simaller its power handling and voltage
handling capacity will decrease. Thus, there is a physical limitation to how small
a signaliinyg cable can be made. It has been shown how this liritation involves
inherent thermal noise and the thermal and electrical properties of the material
out of which the cable is made.

With low frequency signalling the cable characteristic impedance does not
have to be mmatched to its terminations. However, general limitations can be
discovered to limit the degree to which the size of the cable can be reduced,.
Thus, as the cable is made sinaller, its ohmic resistance will increase, the
resistance of the terminations must be increased, the voltage for a given trans-
mitted power level will increase — and at the same time, the breaikdown voltage
for the cable will decrease because of its small size. Also, the sclf capacity
and inductance of the caille will, in relation to the impedance of the terminations,
restrict the frequency bandwidth - which is another way of saying that at high
frequencies the cable and its terminations must be matched.

These zeneral considerations can be made clearer by considering a specific
exaniple. Suppose the cable is | meter long with a diameter of 10 % meters.

The D.C. resistance of this wire will be

oi  _ 17 x107%x1
= ohms

w/4 10718

R =

~ 2 X 10% ohms

If the cable is coaxial, or in the form of a strip transmission line, its character-

istic impedance will be of the order of 100 ohins (for mininminun loss). The
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attemuation due to Ohmic losses {as a voltage ratic) of such a cable is givea by:

2 X 108%x
G o 2 X108 %

e =

where x is the length of the cable. For lengths greater than 10 meters, the
attenuation is very great. In order to receive over a length of one meter (without
the use of repeaters) a signal power equal to the thermal noise power, the trans-

initted power must be

4 X 106 4x105
e X e

W, = 1. 6 X 10720 watts

N

(where W . has been evaluated at room temperature). Thus, for any practical

7)andwidthN(£) the transmitted power level must be impossibly high. It.is clear,
of course, that this type of cable can only be used with repeaters every 1077 -107
meters. (It can be shown that the total repeater power is minimized when the
ittenuation between repeaters is e times).

Consider now this saine cable used for low frequency signalling between

impedances of approximately 2, X 10% ohms. The signalling voltage is given by
Vi~ 16X 10°% £ 108

i.e. V ~ 1075 N f  wvolts

The potential gradieat in the cablc is then

V/10°8 ~ 10®2 N { volts/meter

Thus, voltage breakdown will be a limitation only at very large bandwidths (f).
As shown below other limitations are iinportant for much lower values of f.

The capacity of a coaxial cable or any two wire line is given, approximately,

oy

1 ‘_‘_ X 10~9 farads /meter

o

C ~ —
b
20 log >

8-8
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where b is the overall cable diameter and a is the conductor size. A low capacity
requires a high value of b/a, which for a given value of b leads to a small value fo#
a. This is the same situation as discussed earlier for characteristic impedance,

and there again is an optimum value of b/a (= 3.¢). Thus,

C ~ Z{.'U 1079 farads/meter

For a one ineter length of cable

C ~ 50 X107'2 farads

The frequency at which the DC resistance of the cable { 2 X 108 ohms) equals the

reactive impedance of the self capacity is given by

W = 1 = 102

5 X101 x 2 x108

i.c. f ~ 16 cps

At frequencies inuch above this value, the self capacity of the cable is important,
and will 7ive rise to (linear) distortion and attenuation.

It is concluded that satisfactory transmission over such very thin cable, of
all but very low information rates, is possible only when larger numbers of
repcaters are used. Such a cable, with repeaters, would, of course, be a very
close analoy of a nerve fioer. Thus, it is apparent that the neuron technique
of information transmission may well have an application in our technology. The
requirement for this type of wire and associated fabrication techmniques probably do
not exist at the prcsent time, but are very likely to within a decade.

As mentioned previously a capability ia meuron techaiques will be required
if ever close analogs of bio sensors such as the eye are to be built. The same
problems will exist as discussed above, i.e. the propagation of large amounts
of informatioa over very thin cables.

8-9
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8.3 The Neuristor

In the preceeding part of this section it has been shown that a useful appli-
catiom may soon exist for a man made version of a nerve fiber. Such a device
has already been postulated (Ref. 2), and named the meuristor.

"A neuristor may be visualized as a one-dimensional channel along which
sipnale may flow. A signal propagzates along the channel in the form of a dis-
charge, followed by a "refractory" period, during which time a second discharge
cannot be supported. The mode of discharge propagation is somewhat analogous
to that which occurs along a (pyrotechaic) rfuse, " except that in the neuristor
the channel exhibits perfect 'healing". The refractory period can be thought of

| as the time of healing."

A discharge signal has the following properties: 1) attenuition free
propagation, 2) uniform velocity of propagation, 3) a refractory period!

"These characteristics are somewhat similar to the groes properties of
transmission of discharge pulses by nsurons in the mervous system - hence
the name neuristor. A neuristor may be thought of as an electronic counterpart of
the ionic neuron (in particular, the portion of the meuron that carries the propa-
gating discharge).’

"In a sense, a meuristor may be considered to be a distributed versioa of a
chain of suitably interconnected lumped~circuit monostable circuits. Devices of
this type may be realized in many physical forms and may be based on many
physical phenomena."’

"The basic requirements for the realization of such a device are: 1) a
distributed emergy source, 2) a distributed energy storage, 3) a distributed active
device'" (Ref. 22).

The following conditions are considered to define, in general terms, a
one dimensional neuristor.

8-10
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1. The ncuristor is thought of as a uniform thin wire, the
nroperties of which (e. g. temperature, voltage) vary

only along its axis.

2. A qunlity, or state. of the wire is recognized and denoted
numerically by S. (e.,., S could be temperature in degrees

centirrade or volts).

3. Associated with this state is a current or flux denoted by {.

(e. n., f could be calories per second or amps).
4. Laws of propagation in the wire are defined. For example,

(i) f = =iq gg (e.g. Ohm’s Law)

.. ds _ df
(i) = = -k FR

2. When S>SO the state of the wire changes immediately to SA'
This will be an active {rather than passive) effect and will

involve an influx of enerny.

6. The level, So’ at which this unstable chanpe occurs is a
function of the time (tL) since it last occurred. (See
Fig. 8.2). Thus, immediately after an unstable change in the
state of the wire, the conditions necessary for the maintenance

of 5 at SA are destroyed.

It is to be noted that the energy contained in a pulse transmitted down a
neuristor (or a nerve fiber) does not come from the input to the neuristor cable,
45 18 the case for a pulse on an ordinary coaxial cable. It conies rather from the
active device or mediurn associated with the neuristor. At any time, the pulse
itself will rapidly die out due to dissipation. It is howerer, continuously re-
generated by the active mechanism. Thus, during the conduction of sianals,
rower is being supplied continuously by the active medium and in this sense the
mediuin resembles the DC power supply of an amplifier. In the numerical
examplc quoted above, the nower dissipation in the very thin copper cable was

shown to be according to the law

8-11
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POSTULATED NEURISTOR RECOVERY CURVE
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-210% x
Pt = Phe
Thus, the space rate of loss of power is
ap 6
out . _p._ xaxioee  210°%

Thus, to maintain a constant power level equal, say the thermal noise level,

WN, the repeaters must generate

Wy % 2 X10° watts per meter length of cable

1.6 X102 X f X 2 X106 (at room temperature)
3.2 X107 { watts/per meter of cable.

The volume of the cable is 107 cubic meters per meter length, thus, the repeater

power imay be expressed as

3.2 X10’xf watts per cubic meter of cable.

It is interesting to compare this figure with the quoted value of heat generation in
a nerve. The resting sciatic nerve of the frog in oxygen generates about

70 X 1076 calories per gram of nerve per second (Ref. 1). During stimulation im
oxygen, atthe rate of 280 shocks per second, anincrease inheat production occurs of
40 X 107¢ calories per gram of nerve per second. Taking the density of nerve
fiber as 1 gram/cc, stimulation at 280 shocks per second requires 4 X 1075
calories per cc i.e., 4.19 X 4 X107% watts per cubic centimeter i.e.,

16. 8 X 10 watts per cubic meter. Dividing this by 260 to introduce the bandwidth
f, this figure becomes 6 X 10~} Xf watts/cubic meter - which is really quite close

to the figure 3. 2 X 102 xf watts/cubic meter for the thin copper wire.

8.4 Practical Realization of a Neuristor

What is in effect a neuristor has already been described, namely the iron
wire in aitric acid.

8-13
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For applications postulated in this report the neuristor "wires' should be
very thin and capable of being packed very closely together. One of the most
promising methods of construction would be by the deposition of thin films, in
strip form, as illustrated in figure 8.3. It is postulated that the necessary act-
ive and mon linear characteristic of the neuristox{properties 5 and 6 of the list
given in Section 8. 3 can be :ttained by some complex of semiconductor materials
rilling the spuce between the two signal conductors -nd the powver supply

conductor.




T

FIG.§-3

-

ALLIED RESEARCH ASSOCIATES, INC.
BOSTON, MASSACHUSETTS

NEURISTOR SECTIONS

POWER

m\\\wm\\w s

.............................

CROSS SECTION VIEW

SIGNAL
PULSE

POWER

x\\,\i\\'\\\}\\'\\\\'\\w\}\\\\\'\}\\x\\\\\\\\&) co’r)q% ICTOR
DTSRRI N\ }StGNAL

CONDUCTORS

............
..................
...........
.......
.........
I3y

...........
e L T e e e e P P S
..........
...........

SIDE SECTION VIEW

T N
\\\\\\\\ COPPER L ' i d 1 _J R

SEMICONDUCTOR
MATERIALS

8-1<




ALLIED RESEARCH ASSOCIATES, INC. 7//,,/»/
M, 7d ___ BOSTON, MASSACHUSETTS

[ 4

REFERENCES - SECTION 8

Best, C. H., Taylor, N.B. Physiological Basis of Medical Practice, 5th
Edition .

Crane, H.O. The Neuristor, IRE Transactions on Electronic Computers,
September, 1960, p. 370,




ALLIED RESEARCH ASSOCIATES INC. “_/’/6’
5728  BOSTON, MASSACHUSETTS

[ 4

9. Summary

The study reported here represents a substantial beginning in what should
be a continuing effort to organize the pertinent data from the biological sciences
into a body of knowledge that is meaningful in the field of instrumentation. The
exploitation of biomechanisms in this manner has a potential of yielding superior
classes of instruments that may be applied to the rapidly broadening spectrum of
parameters to which mankind will so shortly be exposed.

It is not overdramatizing to say that a new era of instrumentation is at
hand. At the present rmnoment there are at least three frontiers beyond which there
are countless new instrumentation requirements not yet conceived. The most
obvious of these is the exploration of space, both by manned expeditions and auto-
matized instrument probes. The new environment, the number and complexity of
desired measurements, and the necessity for long life with maximum economy of
power and payload, all present us with a challenge to utilize all techniques at our
disposal.

A second example, perhaps a little less demanding of our skill in minia-
turization, is that of underseas exploration. It has recently become widely evi-
dent that a world as strange and unknown as outer space resides in the depths of
our oceans. New forms of life, vast sources of food and emergy and other vital re-
sources abound here. It is likely that this domain will provide both the new vari-
ables to be measured, and in some cases the new means of measurement,

The third example exists physically right in our midst. Man has barely
discovered a frontier in the realm of data handling and processing. Although
several order-of -magnitude advances have been made since the first electronic
digital computers of little more than a decade ago, they are childs' play when put
up against our rapidly unfolding awareness of thin s that ought to be done. The
early computers so impressed the world with their facility that they acquired the
name ''siant brain." It quickly became apparent that this name represented their
most dire shortcoming -- they were indeed giant. Yet today, scaled down many
decades in physical size, they are barely able to be applied to the crudest attempts
at imitatin; the thought processes or the pattern-recognition characteristics of

animals.
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To these examples, and other frontiers thut they represent, the application
of biomechanisms or their models seems inevitavle. The iinmediate methods of
application are, unfortunately, not always apparent. The purpose oi tie present
study has been to establish some preliminary juidlines for an interdisciplinary

endeavor of this sort, and to accumulate a body of data with which to begin.

9.2
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10. Recommendations

The prelirainary nature of this study has been emphasized at several
points in tiis report. It is readily apparent th:. aucitional work, beyond that
alrcody .(one, will be needed if the potential valuc of this program is to be
realized. A substantial investment nas alrcady been made in developin~ an
approccih philosophy and establishin. suitable comimunication between the several
disciplines involved. This investment provides the basis for a continued nd
accelerated anulysis of the total spectrum of biolo:ical sensors, coverin: the
brood ren e of sensed parimeters a5 well as the intividual variations in sensours
from phylum to paylum. Such a continued cffort would provide the opportunity
to study an. evaluate more fully some of the ineciienical, electronic, iand chem-
ic: 1 variations that could be sc.nnzd only cursorily in the work to date. It would
also perinit a more specifically det iled investization >f other arcas.

In oruev, then, that the tot 1 potential of tais interdisciplinery endeavor
may be fully exploited, it is recommended that the study be continued and
e<tended, porticularly to include:

1. Furtiier development of predesi-n and wesin criteria.

. TFurther work on the bibliogriphy.
z. keeping it current and supplementing vweaker arcns.
b. enlar:iny the scope to include reports on jovernment sponsosre:

work, and forei n literature, 2specizally Russian.

3. A more careful look ~t less farailiar catejorics of the senscu
parameters as well as payl: differences.

4. A look at bidsensors in the contest of their reletions to »ther
bioprocesses, i.e , system orjanization.

8. A more detailed investi~ution of desicn possibilities for speciiic

application to manned space flirht.
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